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	 The	complex	metapopulation	structure	of	groundfish	stocks	in	the	Gulf	of	Maine,	
particularly	Atlantic	cod	(Gadus	morhua),	is	largely	ignored	under	the	current	system	of	
broad-scale	stock	assessment	and	management.		This	mismatch	of	biological	and	
administrative	scales	has	contributed	to	severe	overall	stock	decline	and	localized	serial	
depletion	of	Gulf	of	Maine	cod.		Such	chronic	management	failure	has	led	to	growing	
calls	for	a	more	area-based,	finer-scale	approach	to	managing	groundfish	in	the	Gulf	of	
Maine.		A	primary	difficulty	hindering	the	development	of	finer-scale	groundfish	
management	has	been	the	challenge	of	estimating	fishing	mortality	upon	local	stock	
components.		However,	generic	system	dynamics	models	may	permit	early	
identification	of	stock	components	being	pushed	toward	instability	by	excessive	fishing	
pressure.			Interpolation	of	existing	fishery-independent	survey	data	within	approximate	
subpopulation	boundaries	permits	the	construction	of	estimated	abundance	indices	for	
	metapopulation	components.		This	study	utilizes	a	model-based	approach	to	classify	
these	indices	into	risk	categories	based	on	the	likelihood	that	they	may	be	trending	
toward	more	unstable	dynamics.		Such	an	approach	offers	a	potential	solution	to	the	
problems	of	limited	data	and	logistical	impracticality	that	prevent	the	use	of	analytical	
assessment	models	at	finer	spatial	scales.	
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CHAPTER	1	
INTRODUCTION	
	 One	of	the	most	complex	problems	in	fisheries	management	relates	to	the	
mismatch	often	seen	between	the	spatial	scale	at	which	biological	processes	such	as	
spawning	and	migration	occur	in	exploited	fish	species,	as	compared	to	the	scale	at	
which	fishing	activity	occurs	and	management	decisions	are	made	to	govern	this	fishing	
activity	(Folke	et	al.	1998).		In	general,	stock	boundaries	that	define	managed	resource	
units	represent	a	compromise	between	biological	fidelity	and	administrative	feasibility.		
Important	biological	processes	unfold	at	multiple	spatial	scales.		At	the	same	time,	
information	about	marine	ecosystems	is	costly	to	acquire,	and	these	costs	increase	with	
the	spatial	resolution,	or	scale,	of	the	information	desired	(Wilson	2007).			Furthermore,	
many	of	the	boundaries	used	to	manage	current	stocks	were	defined	in	the	past	based	
on	limited	data.		These	frequently	fail	to	account	for	more	recent	advances	in	scientific	
understanding	of	biological	stock	structure	and	changes	in	this	structure	over	time.	
	 Lack	of	correspondence	between	biological	and	management	scales	can	have	
important	consequences	for	fisheries	and	the	ecosystems	they	depend	upon.		If	the	
spatial	scale	of	biological	reproduction	and	movement	is	substantially	smaller	(i.e.	finer)	
than	the	scale	at	which	management	rules	are	applied	to	regulate	fishing,	the	risk	exists	
that	fishing	effort	may	disproportionately	target	more	particular,	often	more	vulnerable,	
stocks	existing	within	the	larger	administrative	area.		The	particular	spatial	distribution	
of	fishing	effort	within	an	overly	broad	management	area	can	lead	to	serial	depletion	of	
multiple	smaller	stocks	that	happen	to	share	a	common	administrative	boundary,	
	 2	
especially	if	these	stocks	are	largely	self-recruiting.		This	outcome	can	obtain	even	if	
management	quotas,	or	other	constraints	on	fishery	catch,	would	have	been	sustainable	
had	the	stocks	functioned	as	a	single,	unit	stock.		Therefore,	good	fisheries	management	
practice	should	endeavor	to	make	administrative	stock	boundaries	as	biologically	
realistic	as	possible,	even	if	doing	so	may	require	adjustments	to	how	stocks	are	
assessed	and	managed.	
	 The	importance	of	this	goal	has	become	more	evident	with	the	growing	
awareness	of	the	metapopulation	character	of	stock	structure	in	many	key	marine	
species	(Kritzer	and	Sale	2004).		In	a	fisheries	ecology	context,	metapopulations	consist	
of	multiple	local	populations	that	are	largely	self-recruiting	but	that	possess	limited	
demographic	linkages	with	one	another.		These	linkages	allow	for	limited,	gradual	
replenishment	from	outside	each	local	population	but	are	too	weak	for	the	
metapopulation	to	be	appropriately	modeled	as	a	single,	panmictic	stock.		This	
arrangement	of	linked	local	stocks	creates	a	nested,	hierarchical	population	structure	in	
which	successively	smaller	population	subunits	are	nested	within	larger	units	at	two	or	
more	spatial	scales	(Hastings	and	Harrison	1994;	Hanski	and	Simberloff	1997;	Hanski	
1999).		Different	population	components	differ	in	their	biological	productivity	
depending	on	the	quality	of	the	habitat	within	their	geographic	range	and	the	match	or	
mismatch	of	spawning	times	with	optimal	environmental	conditions	(Cushing	1969).	
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1.1.	Gulf	of	Maine	Cod	
Groundfish	in	the	Gulf	of	Maine,	and	especially	Atlantic	cod	(Gadus	morhua)	
offer	a	clear	case	study	in	the	consequences	of	inappropriately	scaled	fisheries	
management.		The	recent	history	of	the	Gulf	of	Maine	cod	fishery	exhibits	a	pronounced	
pattern	of	serial	depletion	of	localized	spawning	components	along	the	Gulf	of	Maine,	
culminating	in	a	westward	contraction	of	the	stock	and	an	overall	poor	condition	of	the	
resource	(Northeast	Fisheries	Science	Center	2013).		Historical	fishing	logs	suggest	a	
19th-century	cod	biomass	of	1.26	x	106	mt	in	1852,	compared	to	less	than	5	x	104	mt	
today	(Rosenberg	et	al.	2005).		Currently,	the	stock	is	both	overfished	and	experiencing	
ongoing	overfishing	(Palmer	2014).		Estimated	fishing	mortality	for	the	overall	stock	in	
2013	was	1.33,	which	was	more	than	seven	times	the	estimated	fishing	mortality	
associated	with	maximum	sustainable	yield	(FMSY),	0.18.		Similarly,	the	estimated	
spawning	stock	biomass	in	2013	was	2,432	mt,	or	just	3%	of	the	estimated	biomass	
associated	with	maximum	sustainable	yield	(SSBMSY).		Since	the	late	1990s,	targeting	
Gulf	of	Maine	cod	has	become	unprofitable	for	larger	vessels,	and	the	stock	is	now	
predominantly	fished	by	class	2	vessels	(5-50	tons;	Northeast	Fisheries	Science	Center	
2013).	
	
1.1.1.	Gulf	of	Maine	Cod	Metapopulation	Structure	
Considerable	evidence	points	to	metapopulation	structure	existing	within	the	
Gulf	of	Maine	cod	stock.		Based	on	fishermen’s	descriptions	of	historical	cod	behavior,	
Ames	(2004)	identified	characteristic	patterns	of	annual	movement	between	spawning	
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and	feeding	grounds	among	groups	of	cod	spawned	in	particular	regions	of	the	Gulf	of	
Maine,	suggesting	that	these	reflected	distinct	subpopulations	(though	many	appear	
now	to	be	depleted	or	extirpated).		Additional	research	reinforces	this	view.		Kovach	et	
al.	(2010)	examined	10	microsatellite	loci,	the	PanI	locus,	and	5	single	nucleotide	
polymorphism	markers	in	US	Atlantic	cod	to	determine	the	population	genetic	structure	
of	this	species	in	US	waters.		They	identify	a	northern	spring-spawning	complex	
distributed	inshore	from	Ipswich	Bay	northward	to	Bigelow	Bight,	and	a	southern	
coastal	complex	ranging	from	Nantucket	Shoals	and	south	of	Cape	Cod	north	to	
Massachusetts	Bay	and	Ipswich	Bay.		This	genetic	structure	was	found	to	be	temporally	
stable	over	a	5-year	period,	with	the	strongest	differentiation	between	the	northern	and	
southern	Gulf	of	Maine	complexes	(mean	Fst		=	0.0085).		A	further	genetically	distinct	
stock	appears	to	also	exist	around	Ipswich	Bay	(Wirgin	et	al.	2007),	partly	overlapping	
the	other	complexes.		Geolocated	tag	results	(Groger	et	al.	2007)	appear	broadly	
consistent	with	this	stock	structure.	
	 Behavioral	mechanisms	related	to	migration	and	reproduction	appear	to	be	the	
cause	of	metapopulation	structure	among	Atlantic	cod	and	other	groundfish	stocks.		
Cod	in	particular	show	strong	evidence	of	natal	homing,	contributing	to	the	self-
recruiting	character	of	individual	spawning	components	and	substocks.		Adults	in	
reproductive	condition	appear	to	return	to	the	same	spawning	grounds	where	they	
themselves	were	spawned,	leading	to	reproductively	isolated	populations	tied	to	
particular	spawning	grounds	(Svedang,	Righton,	and	Jonsson	2007).		In	the	Gulf	of	
Maine,	acoustically	tagged	cod	exhibited	spawning	site	fidelity,	including	multiyear	site	
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fidelity	at	rates	from	47%	to	95%	(Zemeckis	et	al.	2014b).		Windle	and	Rose	(2005)	
tagged	and	transplanted	spawning	cod	in	Newfoundland	either	along	or	away	from	their	
known	migration	route	and	found	that	return	rates	to	the	spawning	ground	were	
significantly	higher	for	individuals	released	along	the	migratory	corridor,	suggesting	that	
cod	use	familiar	features	to	locate	spawning	grounds.		Robichaud	and	Rose	(2001)	
document	multiyear	homing	of	tagged	Newfoundland	cod	to	spawning	grounds,	often	
within	a	few	hundred	meters	of	the	tagging	site.		Other	pelagic	species	besides	cod	also	
exhibit	natal	homing	and	metapopulation	structure,	including	weakfish	(Cynoscion	
regalis;	Thorrold	et	al.	2001),	Atlantic	herring	(Clupea	harengus;	McQuinn	1997),	and	
salmon	(Schtickzelle	and	Quinn	2007).		In	addition,	other	gadoids	in	the	Gulf	of	Maine,	
including	haddock	(Melanogrammus	aeglefinus),	pollock	(Pollachius	virens),	and	white	
hake	(Urophyscus	tenuis)	also	appear	to	possess	metapopulation	structure	(Ames	et	al.	
2013).	
	 Evidence	of	the	costs	of	failing	to	account	for	metapopulation	structure	has	
come	from	a	number	of	simulation	studies.		Reich	and	DeAlteris	(2009)	employed	a	
computer	simulation	to	investigate	the	biological	impacts	of	Gulf	of	Maine	cod	as	a	
single	stock	rather	than	as	a	metapopulation.		Out	of	90	reproductively	isolated	
spawning	aggregations	with	variable	stock-recruitment	relationships,	41	experienced	
localized	depletion	within	100	years	when	fishing	mortality	was	allowed	to	vary	
randomly	among	them,	as	it	would	be	expected	to	do	if	all	stock	components	were	
managed	based	on	a	single	Total	Allowable	Catch.		In	a	similar	study,	Kerr,	Cadrin,	and	
Secor	(2010)	applied	a	stochastic,	age-structured	stock-recruitment	model	to	a	three-
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substock	metapopulation	of	Gulf	of	Maine	cod,	with	fishing	mortality	allowed	to	reach	
equilibrium	for	each	substock.		This	metapopulation	model	was	contrasted	with	a	model	
of	Gulf	of	Maine	cod	as	a	single	stock.		Maximum	sustainable	yield	and	equilibrium	stock	
biomass	(BMSY)	were	both	higher	in	the	metapopulation	scenario	than	in	the	scenario	of	
a	single	stock.		Variability	in	spawning	stock	biomass,	indicative	of	population	stability,	
was	also	lower	in	the	metapopulation	model.	
Despite	the	recognized	need	for	fisheries	management	that	accounts	for	
metapopulation	structure,	a	central	obstacle	to	achieving	this	goal	is	the	infeasibility	of	
analytical	stock	assessment	at	fine	spatial	scales.		National	Standard	1	of	the	Magnuson-
Stevens	Fishery	Conservation	and	Management	Act	requires	that	conservation	and	
management	of	fishery	resources	be	based	on	the	“best	scientific	information	available”	
(16	U.S.C.	1801	-	1891(d)),	a	requirement	that	heavily	favors	an	analytical,	model-based	
approach	to	management	that	seeks	to	estimate	fishing	mortality	and	biological	
reference	points	from	fishery-independent	sampling.		Yet	practical	considerations	
generally	confine	this	approach	to	broad	spatial	scales,	as	limited	resources	for	the	
collection	and	analysis	of	fine-scaled	data	constrain	the	ability	of	scientists	and	
managers	to	formally	estimate	biological	parameters	for	the	numerous	separate	
components	of	complex	metapopulations.		Moreover,	National	Standard	2	of	the	
Magnusson-Stevens	act	also	requires	fish	stocks	interrelated	fish	stocks	to	be	managed	
“as	a	unit	or	in	close	coordination,”	and	that	stocks	should	be	managed	throughout	their	
range	“to	the	extent	practicable.”		In	addition,	the	issue	of	movement	among	substocks	
further	complicates	any	such	estimation	efforts	and	introduces	substantial	uncertainty	
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into	analytical	stock	assessment	models	at	this	scale.		These	and	other	obstacles	usually	
preclude	the	development	of	separate	harvest	advice	for	such	local	substocks	within	the	
framework	of	the	Magnusson-Stevens	Act.		Overcoming	these	challenges	will	demand	
the	adoption	of	more	streamlined	protocols	for	assessing	the	condition	of	local	
population	segments	so	as	to	provide	heuristic,	less	data-demanding	scientific	
recommendations	at	finer	spatial	scales.		To	maintain	consistency	with	the	National	
Standards,	such	heuristic	approaches	should	compliment,	without	necessarily	replacing,	
formal	stock	assessments	at	broader	management	scales.	
	
1.1.2.	Early	Warning	Signals	of	Critical	Transitions	in	Gulf	of	Maine	Cod	
One	potential	class	of	heuristic	tools	for	stock	assessment	is	the	growing	number	
of	statistical	approaches	for	detecting	and	quantifying	so-called	“early	warning”	signals	
in	biological	time	series.		Many	biological	systems	can	undergo	critical	transitions	from	
an	initial	(healthy)	stable	state	to	a	different	(degraded)	stable	state	in	response	to	
overexploitation	or	unfavorable	environmental	drivers	that	push	key	quantities,	such	as	
population	density	or	abundance,	beyond	key	limits.		These	transitions	can	take	the	
form	of	regime	shifts	at	the	community	and	ecosystem	level,	or	abrupt	population	
“crashes”	at	the	single-species	level.		The	alternative	stable	states,	termed	basins	of	
attraction,	exhibit	contrasting	mathematical	behavior	when	modeled	theoretically.		A	
population	that	experiences	such	a	transition	is	said	to	undergo	a	bifurcation	in	its	
mathematical	behavior,	and	the	location	in	parametric	space	at	which	this	bifurcation	
occurs	is	referred	to	as	a	critical	fixed	point	or	bifurcation	point.	
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	 Even	simple	theoretical	models	of	fisheries	population	dynamics	can	exhibit	
critical	transitions.		For	a	fish	stock,	there	may	exist	a	threshold	to	population	growth	at	
some	stock	size	K0,	such	that	4&46 = %& &D9 − 1 1 − &D 	
where	N	is	stock	size	and	r	is	intrinsic	growth	rate.		Figure	1	depicts	this	relationship,	
showing	that	at	stock	sizes	below	K0,	growth	rate	becomes	abruptly	negative	and	stock	
abundance	declines	to	zero.		This	phenomenon	is	termed	an	Allee	effect	(Gascoigne	and	
Lipcius	2004;	Alvarez	1998).		A	variation	of	these	dynamics,	termed	depensation,	
includes	a	second	stable	point	of	equilibrium	at	a	very	low	stock	size	K0*	to	which	the	
stock	falls	if	abundance	declines	below	K0	(Figure	1).	
	
Figure	1.		Allee	effect	(a)	and	depensatory	dynamics	(b)	for	a	fish	stock	with	a	growth	threshold	at	critical	
stock	size	K0.	
	
Introducing	fishing	pressure	into	the	model	gives	4&46 = %& &D9 − 1 1 − &D − +,&	
	
Density dependenceAllee effect
a b
K0 K
N N
K0 K
dN/dt dN/dt
K0*
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where	q	is	fishery	catchability,	E	is	fishing	effort,	and	qE	is	fishing	mortality		
(Kot	2001;	Figure	2).	
  	
Figure	2.		Depensatory	population	dynamics	with	increasing	fishing	mortality.	
	
At	equilibrium,		% "∗'( − 1 1 − "∗' = +,.	
It	can	be	seen	graphically	in	Figure	2	that	two	such	equilibria	exist	in	this	system,	
N*1	and	N*crit.		These	define	two	regions—an	unstable	region	where	fishing	mortality	
exceeds	population	growth	rate,	and	a	stable	region	where	population	growth	rate	
exceeds	fishing	mortality.		A	critical	equilibrium	stock	size	N*crit	separates	these	regions.		
Above	N*crit	,	population	growth	is	able	to	keep	up	with	fishery	removals,	and	the	system	
remains	stable.		Below	N*crit,	stock	collapse	occurs.		Furthermore,	when	fishing	mortality	
increases	such	that	the	two	equilibria	collide	at	a	tangent	point	N2*,	a	bifurcation	occurs	
and	the	stock	experiences	catastrophic	collapse,	resulting	in	a	catastrophic	yield	curve	
(Figure	3).		A	plot	of	equilibrium	stock	size	N*	versus	fishing	mortality	illustrates	this	
bifurcation,	called	a	saddle-node	bifurcation	(Figure	4).	
N
KKo
qEN
dN
dt
Stable Region
Unstable Region
N*1
N*2
N*crit
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Figure	3.		Catastrophic	yield	curve	associated	 						Figure	4.		Saddle-node	bifurcation.	
with	critical	depensation,	where	fishing	
mortality	increases	to	a	saddle-node	bifurcation.	
	
Biological	factors	that	may	give	rise	to	depensatory	population	dynamics	and	
Allee	effects	in	fish	populations	include	a	number	of	issues	related	to	spawning	success	
and	predation:	
• Reduced	sperm	concentration	around	spawning	females	owing	to	fewer	satellite	
males	(Marconato	et	al.,	1997).	
• Lower	probably	of	size	complementary	between	spawning	partners	(Hutchings			
et	al.,	1999;	Rakitin	et	al.,	2001).	
• Increased	time	required	to	find	a	mate,	leading	to	over-ripening	of	gamete	and	
reduced	egg	viability	(Kjørsvik	and	Lønning,	1983;	Kjørsvik	e	tal.,	1990)	
• Altered	spawning	behavior	arising	from	reduced	spawning	aggregation	density	
(Rowe	et	al.,	2004).	
• Increased	natural	mortality	arising	from	relatively	density-independent	
predation;	for	example,	from	seals	(Swain	2011).	
qE
Y
Stable Increasing Yield
Catastrophically 
Declining Yield
Stable Region
Unstable Region
N*
K
qE
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Due	to	poor	model	fit,	depensation	is	frequently	difficult	to	statistically	detect	in	
empirical	stock-recruitment	relationships	(Shelton	and	Healey	1999).		This	problem	is	
exacerbated	by	the	potential	for	misspecifying	the	relevant	spatial	scale	at	which	to	look	
for	such	relationships	when	stock	structure	is	complex,	particularly	given	the	potential	
for	self-recruitment	of	local	stocks	(Chang	et	al.	2015).		Hilborn	et	al.	(2014)	failed	to	find	
significant	evidence	for	depensation	in	spawner-recruitment	relationships	or	surplus	
production	across	more	than	100	stocks,	including	stocks	of	Atlantic	cod.		Notably,	their	
results	could	not	rule	out	the	possibility	of	depensation	at	very	low	abundances	(~1%	of	
unfished	biomass)	in	most	cases,	a	level	which	Gulf	of	Maine	cod	currently	appear	at	or	
near	(Rosenberg	et	al.	2005).		In	contrast,	Keith	and	Hutchings	(2012)	found	evidence	of	
an	Allee	effect	in	standardized	per	capita	population	growth	rates	of	western	Atlantic	
cod	(Gadus	morhua)	stocks,	with	per	capita	population	growth	rates	measured	as	
recruits	per	spawner.	
Observational	evidence	suggests	that	the	existence	of	Allee	effects	and	potential	
depensation	at	the	level	of	individual	subpopulations,	or	even	local	spawning	
components,	may	be	a	factor	preventing	the	recovery	of	Atlantic	cod	stocks	throughout	
their	previous	historical	range.		In	a	laboratory	study,	Rowe	et	al.	(2004)	experimentally	
demonstrated	a	convex	asymptotic	relationship	between	Atlantic	cod	fertilization	rate	
and	the	abundance	of	spawning	males,	such	that	fertilization	success	rapidly	declined	
when	the	number	of	males	fell	below	a	certain	threshold.		Walters	and	Kitchell	(2001)	
note	that	Newfoundland	cod	showed	declines	in	juvenile	survival	and	growth	rates	
following	the	severe	stock	declines	of	the	1980s.		They	suggest	that	smaller	forage	
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species	normally	preyed	upon	by	adult	cod	became	significant	predators	of	juvenile	cod	
as	a	result	of	being	released	from	top-down	predatory	control.		Hutchings	and	Myers	
(1994)	found	that	age-specific	survival	and	fecundity	rates	were	insufficient	for	a	
sustainable	recovery	of	Newfoundland	cod	following	their	collapse	in	the	late	1980s.		
Kuparinen	and	Hutchings	(2014)	modeled	an	increase	in	natural	mortality	on	Northern	
Cod	of	between	50%	and	100%,	consistent	with	observed	increases	in	seal	predation,	
and	found	an	Allee	effect	at	a	threshold	of	75%	that	significantly	delayed	rebuilding	of	
the	stock.		Similar	depensatory	mechanisms	to	these	may	be	at	play	with	respect	to	Gulf	
of	Maine	cod,	particularly	in	the	Eastern	Gulf	of	Maine	where	historical	stock	
components	have	not	recovered	(Tallack	2007).	
Local	recruitment	of	cod	stocks	is	strongly	dependent	on	environmental	
conditions	(Begg	and	Marteinsdottir	2002).		The	individualistic	character	of	local	
subpopulations	within	a	metapopulation	leads	to	different	parameters	for	their	
separate	growth	equations,	and	thus	to	different	thresholds	and	bifurcation	points	in	
relation	to	fishing	mortality.		This	complexity	further	increases	the	risk	of	serial	
depletion,	absent	properly	scaled	management	strategies	to	cope	with	it	(Frank	and	
Brickman	2000).		Detecting	critical	transitions	before	they	occur	is	key	for	any	such	
strategy.		Fortunately,	in	the	time	leading	up	to	a	critical	transition	such	as	in	the	simple	
example	described	above,	observed	population	behavior	may	exhibit	telltale	changes	
signaling	increasing	instability	as	population	parameters	move	toward	their	critical	
values	(Scheffer	et	al.	2009;	Dakos	et	al.	2012).		These	indications	can	include	rising	
variance	and	autocorrelation	in	the	population	abundance	time	series,	and	also	an	
	 13	
increase	in	the	lag	time	required	for	the	abundance	index	to	return	to	its	initial	value	
following	a	perturbation	(so-called	“critical	slowing	down”).		Drake	and	Griffin	(2010)	
demonstrate	these	precursors	to	collapse	in	a	simple	experimental	system,	while	
Carpenter	et	al.	(2011)	and	Batt	et	al.	(2013)	identify	leading	indicators	of	critical	
transitions	in	whole-lake	manipulation	experiments.	
Rising	variability	and	critical	slowing	down	as	early	warning	indicators	prior	to	
stock	collapse	have	been	observed	in	fisheries	data,	although	the	number	of	studies	has	
been	few.		Litzow	et	al.	(2013)	found	strong	evidence	of	increasing	variability	in	catch	
data	1-4	years	prior	to	stock	collapse	in	12	collapsing	crustacean	fisheries	in	Alaska.		
These	increases	were	statistically	significant	in	4	stocks,	and	variability	trends	were	
significantly	different	between	collapsing	and	non-collapsing	fisheries.		Krkošek	and	
Drake	(2014)	observed	increased	variability	and	temporal	autocorrelation	(i.e.	critical	
slowing	down)	in	the	simulated	recruitment	dynamics	of	Pacific	pink	salmon	
(Oncorhynchus	gorbuscha)	using	stochastic	Ricker	and	Beverton-Holt	models	informed	
by	empirical	spawner-recruit	data.	
Early	warning	signals	like	these	offer	useful	indicators	of	relative	stability	in	
population	dynamics,	without	the	need	for	fully	developed	population	models	such	as	
analytical	stock	assessments.		As	such,	they	could	potentially	be	applied	in	identifying	
localized	overexploitation	of	population	components	that	threatens	local	stability	and	
resilience.		However,	little	work	has	been	done	to	incorporate	stability	indicators	into	
objective	management	strategies	for	exploited	species,	such	as	cod	and	other	
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groundfish.		This	study	proposes	one	methodology	for	integrating	stability	analysis	and	
early	warning	indicators	into	an	area-based	strategy	for	conserving	local	cod	stocks.	
	
1.1.3	Area-based	Management	and	Stock	Identification	
	 Although	no	universally	accepted	definition	of	area-based	management	appears	
to	exist,	in	this	study	it	is	understood	as	any	management	constraint	on	fishing	activity	
or	harvest	within	a	spatially	defined	subregion	that	forms	part	of	a	larger	overall	stock	
area,	with	the	intention	of	conserving	the	biological	productivity	of	a	local	population	
component	having	a	significant	presence	within	that	defined	subregion	(Cope	and	Punt	
2009).		Area-based	management	measures	of	this	nature	can	be	undertaken	on	any	
number	of	scales,	but	the	interest	here	is	on	finer-scale	divisions	of	tens	of	kilometers	
within	the	Gulf	of	Maine.		To	be	effective,	area-based	management	should	have	a	
number	of	properties,	as	described	by	Slooten	(2013):	
• The	boundaries	are	the	proper	size.	
• The	boundaries	are	in	the	correct	place.	
• The	management	actions	taken	within	the	boundaries	effectively	manage	the	
threats	to	local	populations.	
• These	threats	are	not	inordinately	displaced	to	other	areas.	
• Follow-up	monitoring	is	used	to	verify	the	effectiveness	of	management	and	
assess	whether	boundaries	or	regulations	should	be	modified.	
• Uncontrolled	impacts,	such	as	pollution,	mining,	or	energy	generation,	are	not	
added.	
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Obviously,	no	perfect	biological	boundaries	exist	in	such	spatially	continuous	
environments	as	marine	ecosystems	(Jordaan	et	al.	2010).		Nevertheless,	fisheries	
management	requires	that	administrative	boundaries	be	defined	so	that	resource	users	
know	what	harvest	rules	apply	in	which	areas	(Begg	et	al.	1999;	Begg	and	Waldman	
1999).		Some	compromise	with	biological	complexity	is	therefore	necessary,	but	this	
compromise	should	retain	as	much	relevant	biological	detail	as	practicable	(Guan	et	al.	
2013;	Al-Humaidhi	et	al.	2013).		The	process	of	delineating	administrative	boundaries	
consistent	with	biological	information	is	termed	stock	identification.		Area-based	
management	as	defined	in	this	study	extends	this	process	to	finer	spatial	and	biological	
scales	within	an	overall	stock	area.	
	
1.1.4	Fleet	Dynamics	and	Localized	Serial	Depletion	
A	number	of	factors	make	serial	depletion	a	likely	outcome	of	overly	broad-scale	
or	biologically	misspecified	management	units.		In	theory,	fishermen	spatially	allocate	
their	fishing	effort	so	as	to	maximize	the	profitability	of	their	operations	(van	Putten	et	
al.	2012).		This	theoretical	optimization	weighs	the	expected	catch	per	unit	effort	
against	the	costs	of	fishing	in	a	particular	location.		Economic	optimization	differs	
substantially	from	simply	maximizing	catch	per	unit	effort,	which	would	see	fishermen	
allocate	their	effort	proportionally	to	the	density	of	catchable	fish	throughout	a	stock	
area	according	to	an	ideal	free	distribution	(Gillis	et	al.	1993).		The	importance	of	
operating	costs	leads	to	the	expectation	that	closer,	more	sedentary	subpopulations	
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should	experience	more	intensive	fishing	pressure	than	more	distant,	mobile	
subpopulations	in	the	absence	of	local,	spatially	targeted	management	rules	to	control	
localized	fishing	mortality	(Swain	and	Wade	2003).	
Absent	management	constraints,	patches	or	schools	of	fish	tend	to	be	fished	
until	the	catch	rate	falls	below	an	economic	threshold	defined	by	marginal	value	
theorem	(Rijnsdrop	et	al.	2011).		Because	catchability	can	increase	even	as	stocks	
become	depleted	(especially	in	the	case	of	Atlantic	cod)	this	economically	rational	
behavior	results	in	serial	depletion	(Rindorf	and	Anderson	2008;	Rose	and	Leggett	1991).		
This	dynamic	appears	to	have	historically	occurred	in	the	case	of	Gulf	of	Maine	cod,	
where	the	most	depleted	subpopulations	are	in	the	central	and	eastern	Gulf	of	Maine,	
in	proximity	to	many	fishing	ports	along	the	Downeast	Maine	coast,	while	the	densest	
concentrations	of	cod	are	currently	located	in	the	western	Gulf	of	Maine.		Yet	even	this	
is	an	oversimplification,	as	revenue	rates	among	different	locations	vary	widely	both	
through	time	and	at	any	one	time	in	a	complex,	multi-species	fishery	such	as	the	New	
England	groundfish	fishery	(Holland	and	Sutinen	1999).	
Furthermore,	even	if	fishing	effort	were	proportional	to	the	density	or	
abundance	of	fish	among	the	units	of	a	metapopulation,	this	proportionality	would	still	
not	necessarily	imply	proportionality	between	effort	and	biological	productivity.		In	a	
survey	of	230	fish	stocks,	Vert-pre	et	al.	(2013)	found	that	stock	abundance	and	stock	
productivity	were	consistently	related	to	one	another	in	only	18.3%	of	cases,	with	
production	apparently	random	in	12.6%	of	cases	and	38.6%	of	cases	only	showing	a	
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mixed	relationship	between	production	and	abundance.		38.6%	of	cases	showed	
regimes	of	high	and	low	productivity	irrespective	of	abundance.		Thus,	even	an	ideal	
free	distribution	of	fishing	effort	would	not	obviate	the	need	for	local	management	of	
metapopulation	components	in	most	circumstances.	
Finally,	a	more	realistic	appraisal	of	fleet	dynamics	and	fishermen’s	behavior	
views	fishermen	as	“satisficers”	rather	than	optimizers	(Holland	2008),	meaning	that	
they	act	on	imperfect	information	(both	biological	and	economic)	in	pursuit	of	local,	
rather	than	global,	optima.		In	this	paradigm,	fishers	act	on	only	partial	knowledge	of	the	
system	with	which	they	are	interacting,	including	with	respect	to	local	productivity	and	
abundance.		Heuristic	analyses	of	local	stock	condition	such	as	those	described	in	this	
study	can	serve	to	augment	this	available	information.	
	
1.1.5.	History	and	Current	State	of	Gulf	of	Maine	Cod	Management	
Atlantic	cod	in	the	Gulf	of	Maine	are	currently	managed	as	two	stocks,	a	Gulf	of	
Maine	stock	and	a	Georges	Bank	stock.		The	stock	areas	defined	for	each	are	shown	in	
Figure	8.		Cod	in	the	Gulf	of	Maine	are	currently	managed	under	the	Northeast	
Multispecies	Fishery	Management	Plan	(FMP)	as	administered	by	the	New	England	
Fishery	Management	Council	(NEFMC	1984).		The	multispecies	fishery	was	placed	under	
limited-entry	status	in	1994,	with	a	Days-at-Sea	effort	control	system.		In	2004,	
Amendment	13	allowed	trading	of	days-at-sea	and	permitted	fishermen	to	voluntarily	
organize	“sectors”	that	would	be	regulated	under	catch	quotas	instead	of	days-at-sea	
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(NEFMC	2003).	In	2010,	the	Days-at-Sea	system	was	changed	to	a	catch-share	system	
governed	under	an	Annual	Catch	Limit	(ACL).		In	addition	to	the	voluntary	sectors,	a	
“common	pool”	was	established	for	vessels	not	participating	in	a	sector	(NEFMC	2009).	
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CHAPTER	2	
METHODS	
2.1.	Input	Data	
	 The	input	data	for	this	analysis	consisted	of	sampling	locations	and	cod	catch	in	
the	National	Marine	Fisheries	Service	(NMFS)	Spring	and	Fall	bottom	trawl	survey	data,	
in	addition	to	bathymetry	data.		The	NMFS	bottom	trawl	survey	employs	a	stratified	
random	sampling	design,	with	strata	based	primarily	on	depth	and	secondarily	on	fish	
distribution	(Politis	et	al.	2014).		The	number	of	stations	within	each	stratum	is	generally	
proportional	to	the	stratum	area,	and	a	minimum	of	3	stations	are	sampled	within	each	
stratum.		Figure	6	shows	the	NMFS	bottom	trawl	survey	strata	in	relation	to	the	
geographical	metapopulation	structure	of	Gulf	of	Maine	cod	used	in	this	study	(see	
Figure	9).		Figure	7	shows	the	distribution	of	nonzero	tows	for	Atlantic	cod	by	decade	
within	the	Gulf	of	Maine,	with	the	size	of	points	proportional	to	the	survey	catch	per	
tow.	
	
Figure	5.		NMFS	bottom	trawl	survey	strata	
	
	
Figure	6.		NMFS	bottom	trawl	survey	strata	in	
relation	to	Gulf	of	Maine	cod	subpopulations	
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2.2.	Stock	Structure	of	Gulf	of	Maine	Cod		
For	the	purpose	of	this	study,	a	consensus	map	of	Gulf	of	Maine	cod	stock	
structure	was	developed	based	on	the	work	of	Ames	(2004)	with	additional	detail	and	
modifications	informed	by	the	genetic	studies	of	Kovach	et	al.	(2010)	and	Zemeckis	et	al.	
(2014c).		Six	local	population	components	were	defined,	consisting	of	the	following:	(1)	
A	Cape	Cod	subpopulation	encompassing	Cape	Cod	bay	and	northward	to	
Massachusetts	Bay;	(2)	a	subpopulation	in	the	vicinity	of	Ipswich	Bay	and	Jeffreys	Ledge;	
(3)	a	Western	Maine	subpopulation	reaching	east	to	Muscongus	Bay,	(3)	a	Midcoast	
Maine	subpopulation	encompassing	Penobscot	Bay	and	extending	into	the	central	Gulf	
of	Maine;	(4)	an	Eastern	Maine	subpopulation	extending	to	the	Canadian	border;	and	(5)	
a	Bay	of	Fundy	substock	projecting	offshore	from	Nova	Scotia	bounded	by	to	the	north	
and	south	by	Jordan	Basin	and	Georges	Basin,	respectively.		Figure	9	depicts	the	spatial	
arrangement	of	these	subpopulations.	
These	subpopulations	were	aggregated	across	three	hierarchical	spatial	scales	
approximating	a	plausible	metapopulation	structure.		In	this	framework,	substocks	
comprise	an	intermediate	scale	between	that	of	the	subpopulation	and	that	of	the	
entire	Gulf	of	Maine	cod	stock.		Three	substocks	were	defined	at	this	scale:	a	Western	
Maine	substock,	an	Eastern	Maine	substock,	and	a	Bay	of	Fundy	substock	(Figure	11).		
The	Cape	Cod,	Ipswich	Bay,	and	Western	Maine	subpopulations	roughly	follow	the	
contours	of	genetically	differentiated	spawning	components	in	the	western	Gulf	of	
Maine;	thus,	their	combination	comprises	the	Western	Maine	substock.		The	Eastern	
Maine	substock	consists	of	the	Midcoast	Maine	subpopulation	and	the	Eastern	Maine	
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subpopulation,	together	roughly	describing	the	offshore	regions	of	Downeast	Maine.		
The	Bay	of	Fundy	substock	consisted	of	the	same	population	unit	as	described	above.		
Finally,	the	Western	and	Eastern	Gulf	of	Maine	substocks	were	combined	to	create	a	
single	stock	area	covering	the	entire	extent	of	the	cod	metapopulation	throughout	the	
Gulf	of	Maine,	excluding	the	Bay	of	Fundy	substock	(which	showed	little	correlation	with	
the	other	substocks).		Figure	10	depicts	this	overall	stock	area.	
	
Figure	7.	Gulf	of	Maine	Cod	NMFS	Bottom	Trawl	Surveys	(by	decade	for	spring	and	fall).	
	
	
Gulf	of	Maine	Cod	NMFS	Bottom	Trawl	Survey	Catch,	
Spring	1968-1969	
	
Gulf	of	Maine	Cod	NMFS	Bottom	Trawl	Survey	Catch,	Fall	
1963-1969	
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Figure	7	Continued	 	
	
Gulf	of	Maine	Cod	NMFS	Bottom	Trawl	Survey	Catch,	Fall	
1970-1979	
	
Gulf	of	Maine	Cod	NMFS	Bottom	Trawl	Survey	Catch,	
Spring	1970-1979	
	
	
Gulf	of	Maine	Cod	NMFS	Bottom	Trawl	Survey	Catch,	Fall	
1980-1989	
	
	
Gulf	of	Maine	Cod	NMFS	Bottom	Trawl	Survey	Catch,	
Spring	1980-1989	
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Figure	7	Contined	 	
	
Gulf	of	Maine	Cod	NMFS	Bottom	Trawl	Survey	Catch,	Fall	
1990-1999	
	
Gulf	of	Maine	Cod	NMFS	Bottom	Trawl	Survey	Catch,	
Spring	1990-1999	
	
Gulf	of	Maine	Cod	NMFS	Bottom	Trawl	Survey	Catch,	Fall	
2000-2009	
	
Gulf	of	Maine	Cod	NMFS	Bottom	Trawl	Survey	Catch,	
Spring	2000-2009		 	
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Figure	8.	Current	stock	areas	for	Atlantic	cod	
management	in	the	United	States	
	
Figure	9.		Geographical	subpopulations	of	Gulf	of	Maine	
cod	based	on	seasonal	movements	and	genetic	studies		
	
Figure	10.		Boundary	of	the	Gulf	of	Maine	cod	stock	
containing	all	proposed	metapopulation	units	
	
Figure	11.		Substocks	partitioning	the	Gulf	of	Maine	cod	
stock	into	Eastern	and	Western	components	
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Figure	12.		Spatial	correspondence	between	current	Gulf	
of	Maine	cod	stock	management	area	and	apparent	
metapopulation	boundaries.	
	
	
Figure	13.		Historical	cod	spawning	and	fishing	grounds	
in	the	Gulf	of	Maine	in	relation	to	apparent	
metapopulation	units.	
	
	
2.3.	Construction	of	Abundance	Indices		
The	first	step	in	the	analysis	was	to	construct	simple	abundance	indices	for	the	
various	stock	components	at	each	of	the	spatial	scales	selected	for	this	study.		To	do	
this,	an	inverse-distance	weighted	(IDW)	interpolation	algorithm	was	applied	to	catch	
per	tow	in	the	NMFS	bottom	trawl	survey.		In	this	procedure,	cod	abundance	at	
unsampled	locations	was	estimated	based	on	a	distance-weighted	average	of	the	
observed	survey	catch	at	locations	of	survey	tows	within	a	fixed	distance	around	the	
prediction	location.		This	procedure	produced	raster	density	maps	depicting	estimated	
cod	numbers	throughout	the	Gulf	of	Maine	at	a	spatial	resolution	of	0.02	decimal	
degrees,	corresponding	roughly	to	the	length	of	a	typical	survey	tow.		To	improve	the	
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accuracy	of	the	interpolation	estimates,	the	weighting	procedure	was	modified	to	
incorporate	both	geographic	distance	and	difference	in	depth	between	each	prediction	
location	and	the	surrounding	survey	tow	locations	(Richardson,	Palmer,	and	Smith	
2014).		Specifically,	a	depth	change	of	50	to	100	meters	was	set	as	equivalent	to	a	
geographic	distance	of	30km.			
The	trawl	survey	data	reveal	the	occasional	occurrence	of	very	large	catch	hauls	
in	isolated	survey	tows.		For	example,	very	large	survey	catches	were	seen	in	western	
Gulf	of	Maine	north	of	Cape	Cod	during	the	2000s	(Figure	7)	despite	an	overall	lower	
stock	abundance	compared	to	previous	decades.		It	could	not	be	directly	determined	
whether	these	large	survey	catches	reflected	true	increases	in	actual	abundance	or	
behavioral	aggregations	that	occasionally	coincided	with	sampling	locations.		To	control	
for	possible	observation	error	of	this	kind,	interpolations	were	informed	by	multiple	
years	of	data.		Specifically,	density	within	each	raster	cell	in	a	particular	year	was	
estimated	based	on	survey	data	for	that	year,	plus	survey	data	for	the	year	preceding	
and	year	following.		Survey	tows	in	these	dovetailing	years	had	their	weights	reduced	
50%	in	the	inverse-distance	weighting	procedure.		All	interpolation	was	done	in	MATLAB	
using	code	graciously	provided	by	David	Richardson	of	the	Northeast	Fisheries	Science	
Center.	
To	construct	abundance	indices,	predicted	densities	at	individual	grid	cells	were	
totaled	within	the	geographic	boundaries	of	defined	metapopulation	units.		Separate	
abundance	indices	were	constructed	for	the	Spring	and	Fall	trawl	surveys.	
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2.4.	Analysis	of	Spatial	and	Temporal	Correlations	within	the	Gulf	of	Maine		
								Cod	Metapopulation	
	 	
To	understand	the	general	statistical	relationships	between	metapopulation	
units	at	each	scale	and	across	different	scales,	basic	linear	regression	analysis	was	
performed	on	the	abundance	indices	to	obtain	relevant	correlation	coefficients	and	
coefficients	of	determination.		These	regression	analyses	were	grouped	into	the	
following	categories:	1)	subpopulations	versus	subpopulations;	2)	subpopulations	versus	
the	overall	Gulf	of	Maine	stock;	3)	subpopulations	versus	substocks;	4)	substocks	versus	
the	overall	Gulf	of	Maine	stock.		Regression	analysis	was	also	performed	between	Spring	
and	Fall	abundance	indices	for	each	population	unit	to	confirm	that	the	chosen	
boundaries	consistently	describe	the	geographical	range	of	substocks	and	
subpopulations	across	seasons.	
In	addition	to	these	basic	analyses,	the	correlation	coefficients	between	
subpopulations	were	further	grouped	according	to	the	spatial	arrangement	of	
subpopulations	to	each	other	(Table	10).		Subpopulations	that	share	a	boundary	were	
classified	as	possessing	“0-level	proximity,”	those	separated	by	a	single	intervening	
subpopulation	were	classified	as	possessing	“1st-level	proximity,”	those	separated	by	
two	subpopulations	as	possessing	“2nd-level	proximity,”	and	so	on	to	4th-level	
proximity	(four	intervening	subpopulations).		Mean	correlation	coefficients	and	
coefficients	of	determination	were	computed	at	each	level	of	proximity	and	plotted	as	a	
function	of	proximity.		This	was	done	to	assess	the	spatial	autocorrelation	between	and	
among	subpopulations.		Lack	of	spatial	autocorrelation	would	imply	that	subpopulation	
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boundaries	are	arbitrary	and	lack	biological	meaning;	in	contrast,	a	negative	relationship	
between	correlation	coefficients	and	spatial	proximity	would	be	consistent	with	the	
theory	of	cod	as	a	metapopulation,	with	weakly	interconnected	population	components	
that	are	largely	self-contained.	
	
2.5.	Stability	Analysis	of	Abundance	Indices	
Beyond	the	simple	models	described	previously,	numerous	population	dynamics	
models	have	been	proposed	to	describe	inverse	density	dependence	and	depensation	
(Liermann	and	Hilborn	2001).		Both	Ricker	and	Beverton-Holt	spawner-recruit	models	
can	be	modified	to	include	depensation	within	a	certain	range	of	stock	sizes.		Many	
other,	more	elaborate	models	also	exist.		Given	the	possibility	of	several	depensatory	
mechanisms	interacting	in	a	real-world	setting	such	as	the	Gulf	of	Maine	ecosystem,	this	
presents	a	daunting	problem	of	model	choice.		Fortunately,	many	of	these	difficulties	
can	be	sidestepped	when	the	issue	is	limited	to	the	detection	of	depensation-induced	
critical	transitions	in	population	time	series	(Boettiger	and	Hastings	2012a).		This	can	be	
done	by	abstracting	the	specific	biological	processes	at	work	in	favor	of	a	focus	on	
generalized	system	dynamics	models	of	stable	and	unstable	processes	that	either	
contain	or	omit	critical	transition	points	(Kuehn	2011).	
The	particular	analytical	methods	used	in	this	study	are	an	extension	of	the	
technique	described	by	Boettiger	and	Hastings	(2012b).		They	propose	a	generic	
modeling	framework	for	quantifying	the	statistical	probability	that	any	given	time	series	
is	the	product	of	an	unstable,	as	opposed	to	a	stable,	process.		As	implemented	in	this	
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study,	this	framework	involves	choosing	between	two	stochastic	differential	equations	
(SDEs)	as	alternative	representations	of	the	population	dynamics	underlying	the	
abundance	index	for	each	stock	or	substock.		Both	models	derive	from	the	canonical	
normal	form	of	a	saddle-node	bifurcation,	
	
where	q	is	the	arbitrary	mean	of	state	variable	X	and	rt	is	the	bifurcation	parameter.		
This	model	has	a	fixed	point	
	
where	dx/dt	=	0	such	that	the	behavior	of	the	system	as	it	approaches	the	saddle-node	
bifurcation	takes	the	time-varying	form	45 = %# 3 %# − 5# 46 + 7 3 %# 48#	
where	Bt	is	the	standard	Brownian	motion	and	%# = %9 − :6.	
In	the	special	case	that	rt	is	constant	(m	=	0)	and	the	underlying	system	is	not	changing	
(dXt	=	0),	the	model	reduces	to	an	Ornstein-Uhlenbeck	(OU)	process,	45# = % / − 5# 46 + 748#	
where	dXt	is	temporally	stable	and	only	subject	to	background	stochastic	fluctuations.	
The	unstable	model	formulation	described	above	contains	a	time-varying	
bifurcation	parameter	rt	that	drives	dX	increasingly	negative	with	time.		This	model	
serves	as	the	alternative	hypothesis	H1	that	the	observed	time	series	represents	a	
realization	of	an	unstable	process—in	this	case,	depensatory	population	dynamics	
( )2xr
dt
dx
t --= q
( )tt rrx fq =+=ˆ
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wherein	there	exists	a	risk	of	stock	collapse	if	abundance	drops	below	a	critical	
threshold.		In	contrast,	the	OU	process	model	lacks	a	critical	bifurcation	and	therefore	
corresponds	to	the	null	hypothesis	H0	that	the	observed	abundance	time	series	is	
merely	a	stochastic	realization	of	stable	population	dynamics,	wherein	there	is	no	risk	of	
an	abrupt	transition.		As	the	intensity	of	exploitation	increases	and	the	exploited	stock	is	
pushed	toward	the	critical	fixed	point	at	which	its	dynamics	become	depensatory,	
population	behavior	can	be	expected	to	progressively	take	on	the	characteristics	of	an	
unstable	system	(Drake	and	Griffen	2010)	more	closely	resembling	the	unstable	model	
(the	alternative	hypothesis)	than	the	stable	model	(the	null	hypothesis).	
Stability	analysis	based	on	these	alternative	models	was	performed	in	an	
identical	fashion	for	all	eight	stocks	and	substocks,	using	the	constructed	abundance	
indices	as	input.		First,	maximum	likelihood	estimation	was	used	to	fit	both	the	stable	
and	unstable	SDE	models	to	the	abundance	index	derived	from	the	IDW	interpolation.		
The	probability	of	the	abundance	index	data	given	the	selected	model	M	is	the	product	
of	the	probability	of	observing	each	point	in	the	time	series	given	the	previous	point	and	
the	length	i	of	the	time	series	interval	(Boettiger	and	Hastings	2012b),	;<=> 5 ? = ;<=> 0@ 0@AB, 6@@ .	
	 The	likelihood	estimate	for	the	fit	of	the	stable	model,	L0,	can	be	compared	with	
that	of	the	fit	to	the	unstable	model,	L1,	and	used	as	an	“early	warning”	indicator	of	
instability.		A	larger	difference	between	these	two	model	fits	suggests	that	these	model	
fits	by	themselves,	however,	offer	only	minimal	information	on	the	relative	likelihood	of	
each	hypothesis.		Therefore,	a	Monte	Carlo	approach	was	undertaken	to	obtain	a	fuller	
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picture	of	whether	the	observed	abundance	time	series	depicts	stability	or	instability.		In	
this	procedure,	500	replicate	time	series	were	stochastically	simulated	based	on	each	of	
the	alternative	model	fits.		These	surrogate	time	series	serve	as	simulated	realizations	of	
each	alternative	model	over	the	timeframe	covered	by	the	original	input	data.		Thus,	
they	describe	the	range	of	expected	system	behavior	under	the	assumption	that	each	
alternative	hypothesis	is	true.		For	each	of	these	replicates,	both	alternative	models	
were	then	refitted	with	associated	likelihood	values	L0	and	L1,	corresponding	to	the	
model	fits	under	the	alternative	hypotheses	H0	and	H1	of	stability	or	instability,	
respectively.		Repeating	this	for	all	surrogates	produced	by	both	models	(500	x	2	x2	
maximum	likelihood	fits)	yielded	the	following	categories	of	maximum	likelihood	fits:	
• L0-0:	Likelihood	of	a	stable	model	fitted	to	a	surrogate	time	series	produced	by	a	
stable	process.	
• L0-1:	Likelihood	of	a	stable	model	fitted	to	a	surrogate	time	series	produced	by	an	
unstable	process.	
• L1-0:	Likelihood	of	an	unstable	model	fitted	to	a	surrogate	time	series	produced	
by	a	stable	process.	
• L0-0:	Likelihood	of	an	unstable	model	fitted	to	a	surrogate	time	series	produced	
by	an	unstable	process.	
This	arrangement	of	alternative	scenarios	is	depicted	as	a	matrix	in	Figure	14.	
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Figure	14.		Scenario	matrix	describing	the	possible	outcomes	of	model	choice	in	relation	to	the	actual	models	from	
which	surrogate	time	series	are	generated.	
	
Two	test	statistics,	d0	and	d1,	were	defined	based	on	the	log-transformed	
difference	in	likelihood	values	between	model	fits	under	the	two	alternative	scenarios,	
d0	=	-2(log	L0-0	-	logL0-1)	
and	
d1	=	-2(log	L1-0	-	logL1-1).	
A	third,	empirical	test	statistic	was	also	computed	based	on	the	likelihood	fits	to	the	
original	observed	abundance	index,	
dobserved	=	-2(log	L0	-	logL1).	
These	statistics	describe	the	deviance	between	models	as	defined	by	Cox	(1962).		
Computing	d0	and	d1	for	their	respective	surrogate	time	series	yielded	two	distributions	
that	could	be	compared	against	each	other	to	assign	statistical	significance	to	a	test	of	
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the	alternative	hypotheses	(stability	or	instability).		The	null	distribution	of	the	statistic	
d0	reflects	the	distribution	of	possible	outcomes	given	that	H0	is	true	and	that	the	
population	dynamics	are	those	of	a	stable	system.		In	contrast,	the	test	distribution	of	d1	
reflects	the	distribution	of	possible	outcomes	given	that	H1	is	true	and	that	the	
population	dynamics	are	unstable	and	approaching	(or	undergoing)	a	critical	transition.		
The	amount	of	non-overlap	between	the	two	distributions	gives	the	statistical	power	of	
the	hypothesis	test.		The	test	statistic	for	the	likelihood	fits	to	the	observed	time	series,	
dobserved,	corresponds	to	the	empirically	observed	positions	on	the	theoretical	
distributions	of	the	null	and	test	statistics.		By	numerically	integrating	each	test	statistic	
distribution	up	to	the	value	of	dobserved,	it	was	possible	to	obtain	the	rate,	or	frequency,	
with	which	realizations	of	each	alternative	model	would	tend	to	produce	the	observed	
data.		This	can	be	conceptualized	as	the	relative	“risk”	of	each	model	being	true.		The	
integral	of	the	test	distribution	describes	the	rate	at	which	unstable	population	
dynamics	would	produce	an	abundance	time	series	that	fits	the	unstable	model	at	least	
as	well	as	does	the	observed	time	series.		In	terms	of	hypothesis	testing,	this	represents	
the	rate	of	“true	positives”	with	respect	to	rejection	of	H0	(stable	dynamics).		Similarly,	
the	integral	of	the	null	distribution	represents	the	rate	of	“false	positives,”	by	which	the	
observed	abundance	index	could	nevertheless	be	the	product	of	stable	population	
dynamics.	
	 Based	on	these	concepts,	receiver-operator	characteristic	(ROC)	curves	were	
constructed	describing	the	comparative	rates	of	true	and	false	positives	associated	with	
any	observed	value	of	d.		These	curves	depict	the	numerical	integral	of	the	test	
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distribution	in	relation	to	that	of	the	null	distribution.		The	height	of	each	curve	above	
the	45-degree	line	reflects	the	statistical	power	of	any	particular	rejection	of	H0	for	a	
given	point	on	the	curve,	as	defined	by	the	likelihood	ratio	between	the	null	and	test	
distributions	at	a	threshold	of	dobserved.		ROC	curves	were	computed	for	each	population	
abundance	index,	and	the	empirical	position	on	each	represented	by	dobserved	was	noted.	
	
	
Figure	15.		Procedure	for	building	receiver-operator	characteristic	(ROC)	curves	from	
distributions	of	the	test	statistic	d	representing	500	surrogate	time	series	stochastically	
simulated	under	the	stable	(blue,	null	distribution)	and	unstable	(red,	test	distribution)	
models.	The	integral	under	the	null	distribution	to	the	right	of	any	given	observed	
deviance	between	models	(dobserved,	vertical	line)	gives	the	false	positive	rate	at	that	
threshold,	while	the	integral	under	the	test	distribution	to	the	right	of	dobserved	gives	the	
true	positive	rate.		Figure	adapted	from	Boettiger	and	Hastings	(2012b).	
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Figure	16.		Flowchart	describing	the	procedure	for	stability	analysis	of	Gulf	of	Maine	cod	
abundance	indices.		Analysis	was	performed	using	the	Earlywarnings	package	for	the	R	statistical	
computing	language	
	
	
2.6.	Applications	of	Stability	Analysis	to	Managing	Gulf	of	Maine	Cod	Metapopulations	
	 The	preceding	analytical	procedure	was	performed	for	each	estimated	
abundance	index,	including	both	Spring	and	Fall	indices.		It	was	then	repeated	four	
additional	times	after	successively	subtracting	the	most	recent	year	of	data	from	each	
index.		With	each	peel	of	data,	the	change	in	the	empirically	observed	position	on	the	
ROC	curve’s	true	positive	axis	from	year	to	year	was	tracked.		From	these	results,	a	five-
year	trend	in	the	ROC	curve	position	was	computed	for	each	stock	and	substock	by	
subtracting	the	mean	of	the	most	recent	two	years	from	that	of	the	previous	3	years.		
This	trend	represents	the	net	change	in	the	relative	“risk”	of	instability	being	present	in	
the	population	dynamics	of	each	metapopulation	unit.		The	procedure	for	computing	
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the	trend	are	identical	to	that	prescribed	by	the	International	Council	for	the	Exploration	
of	the	Sea	(ICES)	for	trend-based	assessment	of	data-limited	stocks	(ICES	2012).	
In	addition,	the	trend	in	the	estimated	biomass	index	was	also	computed	in	an	
identical	fashion	using	a	five-year	moving	window.		Overfishing	or	deteriorating	
environmental	conditions	contributing	to	depensation	are	not	often	accompanied	by	
increasing	population	abundance	levels	over	time.		Thus,	the	direction	of	the	trend	in	
the	abundance	index	itself	is	useful	for	filtering	out	instances	in	which	a	rise	in	the	
position	on	a	stock’s	ROC	curve	more	likely	reflects	a	“false	positive”	scenario	than	a	
“true	positive”	scenario.	
Following	this	procedure,	each	population	unit	at	each	scale	was	assigned	a	
classification	summarizing	its	condition	over	the	five-year	period	examined:	
1) ++:	Positive	trends	in	both	abundance	index	and	ROC	position	
2) +-:	Positive	trend	in	abundance	index,	negative	trend	in	ROC	position	
3) -+:	Negative	trend	in	abundance	index,	positive	trend	in	ROC	position	
4) --:	Negative	trends	in	both	ROC	position	and	abundance	index	
It	is	suggested	that	management	of	cod	metapopulations	at	the	substock	and	
subpopulation	scale	could	be	undertaken	heuristically	by	means	of	an	early	warning	
“trigger”	for	management	intervention	to	reduce	spatially	localized	fishing	pressure.		
This	trigger	could	be	defined	as	the	combination	of	ROC	and	abundance	trends.		When	
ROC	position	is	trending	positively	along	the	True	Positive	axis	(indicating	an	increasing	
risk	that	population	dynamics	may	be	unstable)	and	population	abundance	is	also		
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trending	negatively,	the	cause	may	be	excessive	localized	fishing	pressure	relative	to	
localized	biological	productivity.		Precautionary,	spatially-targeted	intervention	to	
reverse	this	trend	may	thus	be	warranted.	
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CHAPTER	3	
RESULTS	
	 Plots	of	the	estimated	abundance	indices	are	shown	below	in	Figure	17	for	Fall	
and	Spring.		Indices	for	the	Gulf	of	Maine	stock	are	shown	together	with	those	for	the	
Western	and	Eastern	Gulf	of	Maine	substocks.		Indices	for	subpopulations	are	shown	
together	in	a	separate	plot.		These	same	data	are	also	shown	in	the	form	of	Marimekko	
charts	for	additional	clarity	(Figure	18).		All	population	trajectories	show	generally	
declining	trends	in	abundance,	especially	beginning	in	the	early	1990s.		A	small	recovery	
in	seen	around	the	year	2001,	followed	by	a	second	steep	decline.		An	interesting	
feature	is	the	temporary	increase	in	abundance	seen	beginning	in	1979	and	driven	by	
the	Eastern	Maine	substock,	specifically	the	Midcoast	Maine	subpopulation.		A	second	
notable	feature	is	the	initial	high	Fall	abundance	of	the	Bay	of	Fundy	substock,	which	
quickly	declined	to	low	levels	after	1965.		In	general,	a	greater	decline	is	seen	in	the	
Eastern	Maine	substock	than	in	the	Western	Maine	substock.		This	is	evident	also	in	the	
distribution	maps	from	which	these	indices	were	constructed	(Figure	19).		
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Figure	17.		Abundance	indices	estimated	for	individual	components	of	the	Gulf	of	Maine	
cod	metapopulation.		Indices	were	derived	based	on	inverse-distance	weighted	(IDW)	
interpolation	applied	to	National	Marine	Fisheries	Service	(NMFS)	Spring	and	Fall	
bottom	trawl	surveys,	summing	total	density	within	stock	units	annually	for	Gulf	of	
Maine	cod	stock	and	substocks	and	subpopulations	nested	within	substocks.	
	
	
Gulf	of	Maine	cod	substocks,	Fall	1964-2012.	
	
Gulf	of	Maine	cod	subpopulations,	Fall	1964-2012.	
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Figure	17	Continued	
	
Gulf	of	Maine	cod	substocks,	Spring	1969-2012.	
	
	
Gulf	of	Maine	cod	subpopulations,	Spring	1969-2012.	
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Figure	18.		Marimekko	charts	of	relative	abundance	across	Gulf	of	Maine	cod	
metapopulation	units	at	the	subpopulation	and	substock	scale,	plus	the	Bay	of	Fundy	
(see	Figure	17).		Proportional	abundance	within	each	year	is	shown	vertically.		Column	
widths	depict	the	proportional	abundance	across	all	population	units	combined	over	the	
time	interval	of	the	indices.			
	
Gulf	of	Maine	cod	subpopulations,	Fall	1964-2012.	
	
Gulf	of	Maine	cod	substocks	(plus	Bay	of	Fundy),	Fall	1964-2012.	
	
Gulf	of	Maine	cod	substocks,	Fall	1964-2012.	
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Figure	18	Continued	
	
Gulf	of	Maine	cod	subpopulations,	Spring	1969-2012.	
	
Gulf	of	Maine	cod	substocks	(plus	Bay	of	Fundy),	Spring	1969-2012.	
	
Gulf	of	Maine	cod	substocks,	Spring	1969-2012.	
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3.1.	GIS	Interpolated	Density	Maps	of	Gulf	of	Maine	Cod,	by	Metapopulation	Unit	
	 Figure	19	shows	a	time	lapse	of	Gulf	of	Maine	cod	interpolated	density	at	a	
resolution	of	0.02	degrees	of	longitude.		All	maps	were	produced	in	MATLAB	using	the	
Inverse-Distance	Weighted	mapping	procedure	described	above	(Richardson	et	al.	2014)	
and	displayed	using	QGIS.		The	progressive	decline	and	westward	contraction	of	the	Gulf	
of	Maine	cod	stock	is	clearly	apparent.		The	stock	initially	shows	two	major	
concentrations	of	abundance,	one	in	the	Cape	Cod	subpopulation	and	one	in	the	
eastern	Gulf	of	Maine	(the	Bay	of	Fundy	substock).		The	rapid	disappearance	of	the	Fall	
Bay	of	Fundy	concentration	by	1967	can	clearly	be	seen,	along	with	the	progressive	
depletion	of	the	Western	Gulf	of	Maine	substock	beginning	in	the	late	1970s	and	
becoming	very	severe	by	1996.		The	Cape	Cod	subpopulation	shows	a	tendency	toward	
small,	dense	concentrations	of	cod	during	the	late	2000s,	particularly	in	Fall.		Also,	two	
especially	large	and	dense	concentrations	were	observed	in	1988	and	1989	spanning	
both	the	Cape	Cod	and	Ipswich	bay	subpopulations,	though	these	were	much	more	
pronounced	in	Spring.		No	significant	concentrations	were	observed	in	the	Eastern	
Maine	substock	at	any	point	during	the	time	series,	but	notable	increase	in	overall	
abundance	within	the	Midcoast	Maine	subpopulation	from	the	late	1970s	to	early	1980s	
can	be	seen.		This	was	followed	by	a	sharp	decline	thereafter	that	continued	into	the	
2000s,	with	only	occasional	patches	of	low	abundance	remaining.	
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Figure	19.		Interpolated	density	maps	showing	Atlantic	cod	abundance	across	the	Gulf	of	
Maine.		Interpolation	was	performed	based	on	NMFS	bottom	trawl	survey	catch	using	a	
depth-adjusted	inverse	distance	weighted	(IDW)	algorithm.	
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Figure	19	Continued	
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Spring	Time	Series			Figure	19	Continued	
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Figure	19	Continued	
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3.2.	Pairwise	Linear	Regression	Analysis	of	Abundance	Indices	Among		
								Metapopulation	Units	
	 Exploratory	linear	regression	analysis	was	performed	on	the	abundance	indices	
belonging	to	combinations	of	Gulf	of	Maine	cod	metapopulation	pairs.		This	was	done	in	
a	combinatorial	fashion	both	within	and	across	the	nested	hierarchical	spatial	scales	of	
subpopulation,	substock,	and	stock.		Ordinary	least-squares	regression	was	used	and	
plots	were	produced	using	Microsoft	Excel	(Figures	20-23).		Regression	plots	are	shown	
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below,	organized	according	to	the	biological	scales	being	compared	on	the	two	axes	in	
each	group	of	analyses.		Spring	and	Fall	abundance	indices	were	regressed	separately	
but	plotted	together.	
	 Both	Western	and	Eastern	Maine	substocks	show	strong	correlation	with	the	
overall	Gulf	of	Maine	stock.		Correlation	with	the	Eastern	Maine	substock	is	especially	
strong	(R2	between	0.925	and	0.944).		This	is	not	unexpected,	given	the	much	denser	
concentrations	of	cod	in	the	Western	Maine	substock	and	the	high	spatiotemporal	
variability	of	these,	independently	from	the	Eastern	Maine	substock.		The	Bay	of	Fundy	
substock,	however,	shows	very	little	correlation	with	the	Gulf	of	Maine	stock	(R2	
between	0.423	and	0.196).		This	strongly	suggests	that	the	Bay	of	Fundy	substock	lacks	
strong	demographic	links	with	the	Gulf	of	Maine	cod	stock	and	should	not	be	regarded	
as	a	source	of	recruits	for	recovery	elsewhere	in	the	Gulf	of	Maine.		Similar	trends	are	
seen	among	the	subpopulations,	with	Cape	Cod	and	Ipswich	Bay	showing	the	least	
correlation	with	the	overall	Gulf	of	Maine	stock,	and	Midcoast	Maine	and	Eastern	Maine	
the	greatest.		At	the	subpopulation	level,	greater	variability	is	seen	between	Spring	and	
Fall	in	the	slope	of	the	regression	lines,	reflecting	the	larger	variation	generally	seen	at	
finer	scales.		In	general,	the	division	of	the	Gulf	of	Maine	stock	into	Eastern	and	Western	
substocks	is	supported	by	the	regression	analyses	between	subpopulations.		When	
regressed	against	each	other,	subpopulations	within	a	substock	are	clearly	more	tightly	
correlated	than	across	substocks,	having	larger	correlation	coefficients	and	better	
goodness-of-fit	(as	measured	by	Pearson	R2).	
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Figure	20.		Regression	analyses	of	cod	substocks	against	the	whole	Gulf	of	Maine	stock,	
with	coefficients	of	determination	(Pearson	R2).	
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Figure	21.		Regression	analyses	of	cod	substocks	against	each	other,	with	coefficients	of	
determination	(Pearson	R2).	
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Figure	22.		Regression	analyses	of	cod	subpopulations	against	the	whole	Gulf	of	Maine	
stock,	with	coefficients	of	determination	(Pearson	R2).	
	
	
Cape	Cod	Subpopulation	vs.	Gulf	of	Maine	Stock	
	
Ipswich	Bay	Subpopulation	vs.	Gulf	of	Maine	Stock	
	
Western	Maine	Subpopulation	vs.	Gulf	of	Maine	Stock	
	
	
Midcoast	Maine	Subpopulation	vs.	Gulf	of	Maine	Stock	
	
Eastern	Maine	Subpopulation	vs.	Gulf	of	Maine	Stock	
	
Bay	of	Fundy	Subpopulation	vs.	Gulf	of	Maine	Stock	
	
	
	
	
	
	
	
	
	
	
	
	
	
R²#=#0.09565#
R²#=#0.30203#
0#
500#
1000#
1500#
2000#
2500#
0# 2000# 4000# 6000# 8000# 10000# 12000# 14000# 16000#
Ca
pe
%C
od
%su
bp
op
ul
a,
on
%
Gulf%of%Maine%stock% Fall# Spring#
R²	=	0.42297 
0
1000
2000
3000
4000
5000
6000
0 2000 4000 6000 8000 10000 12000 14000 16000
Ba
y	
of
	F
un
dy
	S
ub
po
pu
la
tio
n
Gulf	 of	Maine	Stock
Fall Spring
R²#=#0.47262#
R²#=#0.61303#
0#
200#
400#
600#
800#
1000#
1200#
1400#
1600#
1800#
2000#
0# 2000# 4000# 6000# 8000# 10000# 12000# 14000# 16000#
Ip
sw
ic
h(
Ba
y(
Su
bp
op
ul
a1
on
(
Gulf(of(Maine(Stock( Fall# Spring#
R²	=	0.42297 
0
1000
2000
3000
4000
5000
6000
0 2000 4000 6 0 8000 10000 12000 14000 16000
Ba
y	
of
	F
un
dy
	S
ub
po
pu
la
tio
n
Gulf	 of	Maine	Stock
Fall Spring
R²#=#0.80773#
R²#=#0.87801#
0#
500#
1000#
1500#
2000#
2500#
3000#
0# 2000# 4000# 6000# 8000# 10000# 12000# 14000# 16000#
W
es
te
rn
'M
ai
ne
'S
ub
po
pu
la
1o
n'
Gulf'of'Maine'Stock' Fall# Spring#
R²	=	0.42297 
0
1000
2000
3000
4000
5000
6000
0 2000 4000 6000 8000 10000 12000 14000 16000
Ba
y	
of
	F
un
dy
	S
ub
po
pu
la
tio
n
Gulf	 of	Maine	Stock
Fall Spring
R²#=#0.90168#
R²#=#0.93691#
0#
1000#
2000#
3000#
4000#
5000#
6000#
7000#
0# 2000# 4000# 6000# 8000# 10000# 12000# 14000# 16000#
M
id
co
as
t)M
ai
ne
)S
ub
po
pu
la
1o
n)
Gulf)of)Maine)Stock) Fall# Spring#
R²	=	0.42297 
0
1000
2000
3000
4000
5000
6000
0 2000 4000 6000 8000 10000 12000 14000 16000
Ba
y	
of
	F
un
dy
	S
ub
po
pu
la
tio
n
Gulf	 of	Maine	Stock
Fall Spring
R²#=#0.797#
R²#=#0.89239#
0#
500#
1000#
1500#
2000#
2500#
0# 2000# 4000# 6000# 8000# 10000# 12000# 14000# 16000#
Ea
st
er
n(
M
ai
ne
(S
ub
po
pu
la
1o
n(
Gulf(of(Maine(Stock( Fall# Spring#
R²	=	0.42297 
0
1000
2000
3000
4000
5000
6000
0 2000 4000 6000 8000 10000 12000 14000 16000
Ba
y	
of
	F
un
dy
	S
ub
po
pu
la
tio
n
Gulf	 of	Maine	Stock
Fall Spring
R²#=#0.19613#
R²#=#0.42297#
0#
1000#
2000#
3000#
4000#
5000#
6000#
0# 2000# 4000# 6000# 8000# 10000# 12000# 14000# 16000#
Ba
y$
of
$F
un
dy
$S
ub
po
pu
la
/o
n$
Gulf$of$Maine$Stock$ Fall# Spring#
R²	=	0.42297 
0
1000
2000
3000
4000
5000
6000
0 2000 4000 6000 8000 10000 12000 14000 16000
Ba
y	
of
	F
un
dy
	S
ub
po
pu
la
tio
n
Gulf	 of	Maine	Stock
Fall Spring
	 51	
Figure	23.		Regression	analyses	of	cod	subpopulations	against	each	other,	with	
coefficients	of	determination	(Pearson	R2).	
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Figure	23	Continued	 	
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Tables	1-9	summarize	the	regression	analyses	between	metapopulation	units	
and	between	Spring	and	Fall	abundance	indices.		Correlations	between	substocks	and	
the	overall	stock	were	generally	high,	with	correlations	between	subpopulations	and	the	
overall	stock	being	lower	(but	still	statistically	significant	in	most	instances).		This	
reflects	the	increasing	variability	seen	at	finer	spatial	scales.		At	the	intermediate	scale,	
correlations	between	substocks	and	subpopulations	were	substantially	higher	than	
between	subpopulations	and	the	overall	stock,	supporting	the	hierarchical	
metapopulation	framework	hypothesized	for	the	stock.		Importantly,	all	correlations	for	
the	Bay	of	Fundy	were	lower	than	for	the	other	units,	strongly	indicating	that	this	
population	unit	has	low	demographic	connectivity	with	the	Eastern	Maine	substock	and	
little	to	no	connectivity	with	the	Western	Maine	substock.		Correlations	between	Spring	
and	Fall	abundance	indices	were	generally	strong	at	all	hierarchical	scales.		All	
correlation	coefficients	between	the	Spring	and	Fall	indices	were	statistically	significant	
within	metapopulation	units.	
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Tables	1-3	summarize	the	results	of	regression	analyses	of	metapopulation	units	for	Fall.	
 
	Table	1.		Pearson	correlation	coefficients	between	metapopulation	units	(Fall	abundance	indices).		Values	in	bold	are	statistically	significant		
		(p	<	0.05).	
  
 
		Table	2.		p-values	associated	with	correlation	coefficients	in	Table	1.	
	
Metapopulation+unit+
Gulf+of+
Maine+
stock+
Western+
Maine+
substock+
Eastern+
Maine+
substock+
Bay+of+Fundy+
substock+
Cape+Cod+
subpopulation+
Ipswich+Bay+
subpopulation+
Western+Maine+
subpopulation+
Midcoast+Maine+
subpopulation+
Eastern+
Maine+
subpopulation+
Gulf+of+Maine+stock+ 1" 0.849" 0.955" 0.443" 0.338" 0.704" 0.879" 0.940" 0.871"
Western+Maine+substock+ 0.849" 1" 0.653" 0.193" 0.630" 0.878" 0.908" 0.635" 0.620"
Eastern+Maine+substock+ 0.955" 0.653" 1" 0.526" 0.130+ 0.514" 0.748" 0.989" 0.900"
Bay+of+Fundy+substock+ 0.443" 0.193" 0.526" 1" 0.120+ B0.044+ 0.262" 0.458" 0.653"
Cape+Cod+subpopulation+ 0.338" 0.630" 0.130+ 0.120+ 1" 0.574" 0.283" 0.117" 0.152+
Ipswich+Bay+subpopulation+ 0.704" 0.878" 0.514" B0.044+ 0.574" 1" 0.696" 0.525" 0.412"
Western+Maine+subpopulation+ 0.879" 0.908" 0.748" 0.262" 0.283" 0.696" 1" 0.721" 0.726"
Midcoast+Maine+subpopulation+ 0.940" 0.635" 0.989" 0.458" 0.117" 0.525" 0.721" 1" 0.824"
Eastern+Maine+subpopulation+ 0.871" 0.620" 0.900" 0.653" 0.152+ 0.412" 0.726" 0.824" 1"!!!!!!!!!!!!!!!!!
!!
Metapopulation+unit+
Gulf+of+
Maine+
stock+
Western+
Maine+
substock+
Eastern+
Maine+
substock+
Bay+of+Fundy+
substock+
Cape+Cod+
subpopulation+
Ipswich+Bay+
subpopulation+
Western+Maine+
subpopulation+
Midcoast+Maine+
subpopulation+
Eastern+
Maine+
subpopulation+
Gulf+of+Maine+stock+ 0" 0.000" 0.000" 0.002" 0.021" 0.000" 0.000" 0.000" 0.000"
Western+Maine+substock+ <"0.0001" 0" <"0.0001" 0.198" <"0.0001" <"0.0001" <"0.0001" <"0.0001" <"0.0001"
Eastern+Maine+substock+ <"0.0001" <"0.0001" 0" 0.000" 0.388+ 0.000" <"0.0001" <"0.0001" <"0.0001"
Bay+of+Fundy+substock+ 0.002" 0.198" 0.000" 0" 0.426+ 0.770+ 0.079" 0.001" <"0.0001"
Cape+Cod+subpopulation+ 0.021" <"0.0001" 0.388+ 0.426+ 0" <"0.0001" 0.057" 0.439" 0.315+
Ipswich+Bay+subpopulation+ <"0.0001" <"0.0001" 0.000" 0.770+ <"0.0001" 0" <"0.0001" 0.000" 0.004"
Western+Maine+subpopulation+ <"0.0001" <"0.0001" <"0.0001" 0.079" 0.057" <"0.0001" 0" <"0.0001" <"0.0001"
Midcoast+Maine+subpopulation+ <"0.0001" <"0.0001" <"0.0001" 0.001" 0.439" 0.000" <"0.0001" 0" <"0.0001"
Eastern+Maine+subpopulation+ <"0.0001" <"0.0001" <"0.0001" <"0.0001" 0.315+ 0.004" <"0.0001" <"0.0001" 0"!!!!!!!!!!!!!!!
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Table	3.		Coefficients	of	determination	(Pearson	R2)	between	metapopulation	units	(Fall	abundance	indices).		Values	in	bold	are	statistically	
significant	(p	<	0.05).	
 
Tables	4	–	6	summarize	the	results	of	regression	analyses	of	metapopulation	units	for	Spring.	
 
Table	4.		Pearson	correlation	coefficients	between	metapopulation	units	(Spring	abundance	indices).		Values	in	bold	are	statistically	significant	(p	
<	0.05).
Metapopulation+unit+
Gulf+of+
Maine+
stock+
Western+
Maine+
substock+
Eastern+
Maine+
substock+
Bay+of+Fundy+
substock+
Cape+Cod+
subpopulation+
Ipswich+Bay+
subpopulation+
Western+Maine+
subpopulation+
Midcoast+Maine+
subpopulation+
Eastern+
Maine+
subpopulation+
Gulf+of+Maine+stock+ 1" 0.721" 0.912" 0.196" 0.114" 0.495" 0.772" 0.883" 0.759"
Western+Maine+substock+ 0.721" 1" 0.427" 0.037" 0.397" 0.770" 0.825" 0.403" 0.384"
Eastern+Maine+substock+ 0.912" 0.427" 1" 0.276" 0.017+ 0.264" 0.559" 0.978" 0.809"
Bay+of+Fundy+substock+ 0.196" 0.037" 0.276" 1" 0.014+ 0.002+ 0.068" 0.210" 0.427"
Cape+Cod+subpopulation+ 0.114" 0.397" 0.017+ 0.014+ 1" 0.330" 0.080" 0.014" 0.023+
Ipswich+Bay+subpopulation+ 0.495" 0.770" 0.264" 0.002+ 0.330" 1" 0.484" 0.276" 0.170"
Western+Maine+subpopulation+ 0.772" 0.825" 0.559" 0.068" 0.080" 0.484" 1" 0.520" 0.528"
Midcoast+Maine+subpopulation+ 0.883" 0.403" 0.978" 0.210" 0.014" 0.276" 0.520" 1" 0.680"
Eastern+Maine+subpopulation+ 0.759" 0.384" 0.809" 0.427" 0.023+ 0.170" 0.528" 0.680" 1"!
Metapopulation+unit+
Gulf+of+
Maine+
stock+
Western+
Maine+
substock+
Eastern+
Maine+
substock+
Bay+of+Fundy+
substock+
Cape+Cod+
subpopulation+
Ipswich+Bay+
subpopulation+
Western+Maine+
subpopulation+
Midcoast+Maine+
subpopulation+
Eastern+
Maine+
subpopulation+
Gulf+of+Maine+stock+ 1" 0.876" 0.968" 0.650" 0.506" 0.767" 0.929" 0.963" 0.948"
Western+Maine+substock+ 0.876" 1" 0.728" 0.350" 0.798" 0.935" 0.905" 0.721" 0.719"
Eastern+Maine+substock+ 0.968" 0.728" 1" 0.744" 0.305+ 0.606" 0.852" 0.996" 0.976"
Bay+of+Fundy+substock+ 0.650" 0.350" 0.744" 1" A0.089+ 0.186+ 0.598" 0.728" 0.758"
Cape+Cod+subpopulation+ 0.506" 0.798" 0.305+ A0.089+ 1" 0.799" 0.490" 0.317" 0.267+
Ipswich+Bay+subpopulation+ 0.767" 0.935" 0.606" 0.186+ 0.799" 1" 0.750" 0.601" 0.599"
Western+Maine+subpopulation+ 0.929" 0.905" 0.852" 0.598" 0.490" 0.750" 1" 0.836" 0.861"
Midcoast+Maine+subpopulation+ 0.963" 0.721" 0.996" 0.728" 0.317" 0.601" 0.836" 1" 0.952"
Eastern+Maine+subpopulation+ 0.948" 0.719" 0.976" 0.758" 0.267+ 0.599" 0.861" 0.952" 1"!!!
Metapopulation+unit+
Gulf+of+
Maine+
stock+
Western+
Maine+
substock+
Eastern+
Maine+
substock+
Bay+of+Fundy+
substock+
Cape+Cod+
subpopulation+
Ipswich+Bay+
subpopulation+
Western+Maine+
subpopulation+
Midcoast+Maine+
subpopulation+
Eastern+
Maine+
subpopulation+
Gulf+of+Maine+stock+ 0" 0.000" 0.000" 0.000" 0.001" 0.000" 0.000" 0.000" 0.000"
Western+Maine+substock+ <"0.0001" 0" <"0.0001" 0.025" <"0.0001" <"0.0001" <"0.0001" <"0.0001" <"0.0001"
Eastern+Maine+substock+ <"0.0001" <"0.0001" 0" <"0.0001" 0.052+ <"0.0001" <"0.0001" <"0.0001" <"0.0001"
Bay+of+Fundy+substock+ <"0.0001" 0.025" <"0.0001" 0" 0.581+ 0.245+ <"0.0001" <"0.0001" <"0.0001"
Cape+Cod+subpopulation+ 0.001" <"0.0001" 0.052+ 0.581+ 0" <"0.0001" 0.001" 0.044" 0.091+
Ipswich+Bay+subpopulation+ <"0.0001" <"0.0001" <"0.0001" 0.245+ <"0.0001" 0" <"0.0001" <"0.0001" <"0.0001"
Western+Maine+subpopulation+ <"0.0001" <"0.0001" <"0.0001" <"0.0001" 0.001" <"0.0001" 0" <"0.0001" <"0.0001"
Midcoast+Maine+subpopulation+ <"0.0001" <"0.0001" <"0.0001" <"0.0001" 0.044" <"0.0001" <"0.0001" 0" <"0.0001"
Eastern+Maine+subpopulation+ <"0.0001" <"0.0001" <"0.0001" <"0.0001" 0.091+ <"0.0001" <"0.0001" <"0.0001" 0"
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Table	5.		p-values	associated	with	correlation	coefficients	in	Table	4.	
 
 
Table	6.		Coefficients	of	determination	(Pearson	R2)	between	metapopulation	units	(Spring	abundance	indices).		Values	in	bold	are	statistically	
significant	(p	<	0.05).	
	
	
Metapopulation+unit+
Gulf+of+
Maine+
stock+
Western+
Maine+
substock+
Eastern+
Maine+
substock+
Bay+of+Fundy+
substock+
Cape+Cod+
subpopulation+
Ipswich+Bay+
subpopulation+
Western+Maine+
subpopulation+
Midcoast+Maine+
subpopulation+
Eastern+
Maine+
subpopulation+
Gulf+of+Maine+stock+ 1" 0.876" 0.968" 0.650" 0.506" 0.767" 0.929" 0.963" 0.948"
Western+Maine+substock+ 0.876" 1" 0.728" 0.350" 0.798" 0.935" 0.905" 0.721" 0.719"
Eastern+Maine+substock+ 0.968" 0.728" 1" 0.744" 0.305+ 0.606" 0.852" 0.996" 0.976"
Bay+of+Fundy+substock+ 0.650" 0.350" 0.744" 1" A0.089+ 0.186+ 0.598" 0.728" 0.758"
Cape+Cod+subpopulation+ 0.506" 0.798" 0.305+ A0.089+ 1" 0.799" 0.490" 0.317" 0.267+
Ipswich+Bay+subpopulation+ 0.767" 0.935" 0.606" 0.186+ 0.799" 1" 0.750" 0.601" 0.599"
Western+Maine+subpopulation+ 0.929" 0.905" 0.852" 0.598" 0.490" 0.750" 1" 0.836" 0.861"
Midcoast+Maine+subpopulation+ 0.963" 0.721" 0.996" 0.728" 0.317" 0.601" 0.836" 1" 0.952"
Eastern+Maine+subpopulation+ 0.948" 0.719" 0.976" 0.758" 0.267+ 0.599" 0.861" 0.952" 1"!!!
Metapopulation+unit+
Gulf+of+
Maine+
stock+
Western+
Maine+
substock+
Eastern+
Maine+
substock+
Bay+of+Fundy+
substock+
Cape+Cod+
subpopulation+
Ipswich+Bay+
subpopulation+
Western+Maine+
subpopulation+
Midcoast+Maine+
subpopulation+
Eastern+
Maine+
subpopulation+
Gulf+of+Maine+stock+ 0" 0.000" 0.000" 0.000" 0.001" 0.000" 0.000" 0.000" 0.000"
Western+Maine+substock+ <"0.0001" 0" <"0.0001" 0.025" <"0.0001" <"0.0001" <"0.0001" <"0.0001" <"0.0001"
Eastern+Maine+substock+ <"0.0001" <"0.0001" 0" <"0.0001" 0.052+ <"0.0001" <"0.0001" <"0.0001" <"0.0001"
Bay+of+Fundy+substock+ <"0.0001" 0.025" <"0.0001" 0" 0.581+ 0.245+ <"0.0001" <"0.0001" <"0.0001"
Cape+Cod+subpopulation+ 0.001" <"0.0001" 0.052+ 0.581+ 0" <"0.0001" 0.001" 0.044" 0.091+
Ipswich+Bay+subpopulation+ <"0.0001" <"0.0001" <"0.0001" 0.245+ <"0.0001" 0" <"0.0001" <"0.0001" <"0.0001"
Western+Maine+subpopulation+ <"0.0001" <"0.0001" <"0.0001" <"0.0001" 0.001" <"0.0001" 0" <"0.0001" <"0.0001"
Midcoast+Maine+subpopulation+ <"0.0001" <"0.0001" <"0.0001" <"0.0001" 0.044" <"0.0001" <"0.0001" 0" <"0.0001"
Eastern+Maine+subpopulation+ <"0.0001" <"0.0001" <"0.0001" <"0.0001" 0.091+ <"0.0001" <"0.0001" <"0.0001" 0"
!!
Metapopulation+unit+
Gulf+of+
Maine+
stock+
Western+
Maine+
substock+
Eastern+
Maine+
substock+
Bay+of+Fundy+
substock+
Cape+Cod+
subpopulation+
Ipswich+Bay+
subpopulation+
Western+Maine+
subpopulation+
Midcoast+Maine+
subpopulation+
Eastern+
Maine+
subpopulation+
Gulf+of+Maine+stock+ 1" 0.768" 0.937" 0.423" 0.256" 0.589" 0.862" 0.927" 0.899"
Western+Maine+substock+ 0.768" 1" 0.529" 0.122" 0.636" 0.874" 0.819" 0.520" 0.517"
Eastern+Maine+substock+ 0.937" 0.529" 1" 0.553" 0.093+ 0.368" 0.725" 0.992" 0.952"
Bay+of+Fundy+substock+ 0.423" 0.122" 0.553" 1" 0.008+ 0.034+ 0.357" 0.530" 0.574"
Cape+Cod+subpopulation+ 0.256" 0.636" 0.093+ 0.008+ 1" 0.639" 0.240" 0.100" 0.071+
Ipswich+Bay+subpopulation+ 0.589" 0.874" 0.368" 0.034+ 0.639" 1" 0.562" 0.361" 0.359"
Western+Maine+subpopulation+ 0.862" 0.819" 0.725" 0.357" 0.240" 0.562" 1" 0.699" 0.742"
Midcoast+Maine+subpopulation+ 0.927" 0.520" 0.992" 0.530" 0.100" 0.361" 0.699" 1" 0.906"
Eastern+Maine+subpopulation+ 0.899" 0.517" 0.952" 0.574" 0.071+ 0.359" 0.742" 0.906" 1"!
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Tables	7	–	9	summarize	the	results	of	regression	analyses	of	Spring	and	Fall	abundance	indices	across	metapopulation	units.	
 
Table	7.		Pearson	correlation	coefficients	between	Spring	and	Fall	abundance	indices.		Values	in	bold	are	statistically	significant	(p	<	0.05).	
  
 
 
Table	8.		p-values	associated	with	correlation	coefficients	in	Table	7.	
	
	
!! Fall$indices$
!!
Metapopulation!unit! Gulf!of!Maine!stock!
Western!
Maine!
substock!
Eastern!
Maine!
substock!
Bay!of!Fundy!
substock!
Cape!Cod!
subpopulation!
Ipswich!Bay!
subpopulation!
Western!Maine!
subpopulation!
Midcoast!Maine!
subpopulation!
Eastern!
Maine!
subpopulation!
Sp
rin
g$
in
di
ce
s$
Gulf!of!Maine!stock! 0.838387386$ 0.827$ 0.737$ 0.246$ 0.266$ 0.621$ 0.900$ 0.746$ 0.638$
Western!Maine!substock! 0.664$ 0.843360385$ 0.484$ :0.035$ 0.547$ 0.662$ 0.779$ 0.488$ 0.425$
Eastern!Maine!substock! 0.848$ 0.739$ 0.797333251$ 0.369$ 0.095! 0.540$ 0.877$ 0.808$ 0.688$
Bay!of!Fundy!substock! 0.656$ 0.399$ 0.707$ 0.539690357$ A0.130! 0.196! 0.595$ 0.722$ 0.592$
Cape!Cod!subpopulation! 0.313$ 0.660$ 0.090! A0.265! 0.72415801$ 0.592$ 0.444$ 0.090$ 0.083!
Ipswich!Bay!subpopulation! 0.540$ 0.782$ 0.343$ A0.106! 0.637$ 0.664911115$ 0.643$ 0.367$ 0.235$
Western!Maine!subpopulation! 0.765$ 0.773$ 0.662$ 0.141$ 0.268$ 0.538$ 0.849957474$ 0.657$ 0.614$
Midcoast!Maine!subpopulation! 0.843$ 0.748$ 0.785$ 0.344$ 0.102$ 0.556$ 0.881$ 0.795533418$ 0.675$
Eastern!Maine!subpopulation! 0.833$ 0.692$ 0.801$ 0.417$ 0.074! 0.483$ 0.837$ 0.810$ 0.694375656$!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!
!! Fall$indices$
!!
Metapopulation!unit!
Gulf!of!
Maine!
stock!
Western!
Maine!
substock!
Eastern!
Maine!
substock!
Bay!of!Fundy!
substock!
Cape!Cod!
subpopulation!
Ipswich!Bay!
subpopulation!
Western!Maine!
subpopulation!
Midcoast!Maine!
subpopulation!
Eastern!
Maine!
subpopulation!
Sp
rin
g$
in
di
ce
s$
Gulf!of!Maine!stock! <$0.0001$ <$0.0001$ <$0.0001$ 0.120$ 0.092$ <$0.0001$ <$0.0001$ <$0.0001$ <$0.0001$
Western!Maine!substock! <$0.0001$ <$0.0001$ 0.001$ 0.829$ 0.000$ <$0.0001$ <$0.0001$ 0.001$ 0.006$
Eastern!Maine!substock! <$0.0001$ <$0.0001$ <$0.0001$ 0.018$ 0.555! 0.000$ <$0.0001$ <$0.0001$ <$0.0001$
Bay!of!Fundy!substock! <$0.0001$ 0.010$ <$0.0001$ 0.00027104$ 0.419! 0.221! <$0.0001$ <$0.0001$ <$0.0001$
Cape!Cod!subpopulation! 0.046$ <$0.0001$ 0.575! 0.094! <$0.0001$ <$0.0001$ 0.004$ 0.577$ 0.607!
Ipswich!Bay!subpopulation! 0.000$ <$0.0001$ 0.028$ 0.509! <$0.0001$ <$0.0001$ <$0.0001$ 0.018$ 0.139$
Western!Maine!subpopulation! <$0.0001$ <$0.0001$ <$0.0001$ 0.380$ 0.091$ 0.000$ <$0.0001$ <$0.0001$ <$0.0001$
Midcoast!Maine!subpopulation! <$0.0001$ <$0.0001$ <$0.0001$ 0.028$ 0.526$ 0.000$ <$0.0001$ <$0.0001$ <$0.0001$
Eastern!Maine!subpopulation! <$0.0001$ <$0.0001$ <$0.0001$ 0.007$ 0.646! 0.001$ <$0.0001$ <$0.0001$ <$0.0001$!!!!!!!!!!!!!!!!!!!!!!!!!!!
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Table	9.		Coefficients	of	determination	(Pearson	R2)	between	Spring	and	Fall	abundance	indices.		Values	in	bold	are	statistically	significant	(p	<	
0.05).	
	
	
	
	
	
	
	
	
	
!
!! Fall$indices$
!!
Metapopulation!unit! Gulf!of!Maine!stock!
Western!
Maine!
substock!
Eastern!
Maine!
substock!
Bay!of!Fundy!
substock!
Cape!Cod!
subpopulation!
Ipswich!Bay!
subpopulation!
Western!Maine!
subpopulation!
Midcoast!Maine!
subpopulation!
Eastern!
Maine!
subpopulation!
Sp
rin
g$
in
di
ce
s$ Gulf!of!Maine!stock! 0.702893409$ 0.684$ 0.543$ 0.061$ 0.071$ 0.386$ 0.811$ 0.556$ 0.408$
Western!Maine!substock! 0.441$ 0.711256738$ 0.234$ 0.001$ 0.299$ 0.438$ 0.607$ 0.238$ 0.181$
Eastern!Maine!substock! 0.720$ 0.546$ 0.635740313$ 0.136$ 0.009! 0.292$ 0.769$ 0.652$ 0.473$
Bay!of!Fundy!substock! 0.430$ 0.159$ 0.500$ 0.291265681$ 0.017! 0.038! 0.354$ 0.521$ 0.351$
Cape!Cod!subpopulation! 0.098$ 0.436$ 0.008! 0.070! 0.524404824$ 0.350$ 0.197$ 0.008$ 0.007!
Ipswich!Bay!subpopulation! 0.291$ 0.612$ 0.118$ 0.011! 0.406$ 0.44210679$ 0.413$ 0.135$ 0.055$
Western!Maine!subpopulation! 0.585$ 0.598$ 0.438$ 0.020$ 0.072$ 0.290$ 0.722427707$ 0.431$ 0.377$
Midcoast!Maine!subpopulation! 0.710$ 0.559$ 0.616$ 0.118$ 0.010$ 0.309$ 0.776$ 0.632873419$ 0.456$
Eastern!Maine!subpopulation! 0.694$ 0.479$ 0.641$ 0.174$ 0.005! 0.233$ 0.701$ 0.656$ 0.482157551$!
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Figure	24	depicts	abundance	indices	plotted	against	their	five-year	moving	
trends	for	individual	metapopulation	units,	as	compared	to	the	overall	Gulf	of	Maine	
stock.		For	all	indices	and	trends,	each	annual	abundance	was	divided	by	the	long-term	
mean	of	its	respective	time	series,	producing	a	rescaled	time	series	consisting	of	relative	
deviations	from	the	long-term	mean.		This	permitted	comparisons	of	relative	magnitude	
between	individual	abundance	indices	and	the	overall	Gulf	of	Maine	stock	abundance	
index.		Five-year	trends	were	calculated	by	dividing	the	mean	of	the	last	three	years	of	
data	in	a	given	year	by	the	mean	of	the	two	years	preceding	those.	
	 These	plots	reveal	several	interesting	details.		Recovery	in	the	Cape	Cod	
subpopulation	beginning	in	1998,	and	later	in	the	Ipswich	Bay	subpopulation	beginning	
in	2005,	slowed	but	did	not	substantially	alter	the	overall	decline	of	the	Gulf	of	Maine	
stock.		Variability	was	also	greater	at	the	subpopulation	scale,	especially	the	Cape	Cod	
and	Eastern	Maine	subpopulations.		Large	peaks	in	these	were	seen	in	1989-1990	(Cape	
Cod)	and	1985-1986	(Eastern	Maine)	that	were	not	reflected	in	surrounding	
subpopulations	or	the	overall	Gulf	of	Maine	stock.	
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Figure	24.		Normalized	abundance	indices	for	Gulf	of	Maine	cod	metapopulation	units	
compared	against	the	estimated	abundance	index	for	the	entire	Gulf	of	Maine	cod	
stock.		Indices	are	shown	along	with	their	five-year	trends.		All	indices	and	trends	were	
standardized	by	their	means	to	facilitate	comparisons	of	relative	changes	over	time.	(Fall	
and	Spring	Series)	
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Spring	indices		Figure	24	Continued	
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intervening	subpopulations	separating	any	given	pair	of	subpopulations.		Cardinal	
numbers	assigned	to	subpopulation	pairs	reflect	this	degree	of	spatial	separation.		Table	
11	presents	correlation	matrices	for	the	five	subpopulations	color-coded	according	to	
the	spatial	proximity	of	subpopulation	pairs.		Table	13	presents	matrices	of	coefficients	
of	determination	shown	color-coded	in	the	same	way.		These	correlation	coefficients	
and	coefficients	of	determination	are	plotted	against	degree	of	spatial	proximity	in	
Figures	25	and	26.		Means	were	computed	for	each	degree	of	spatial	proximity	in	Table	
10	and	are	plotted	together	with	coefficients	for	individual	subpopulation	pairs.	 	
Spatial	autocorrelation	is	very	pronounced	and	consistent	across	the	
subpopulations.		Subpopulations	sharing	a	boundary	had	a	mean	correlation	coefficient	
of	0.706	in	Fall	and	0.828	in	Spring.		This	declined	steadily	to	a	mean	of	0.198	in	Fall	and	
0.249	in	Spring	with	four	intervening	subpopulations	(Cape	Cod	and	Eastern	Maine,	and	
effectively	to	zero	with	five	(Cape	Cod	and	the	Bay	of	Fundy).		Curiously,	correlations	
were	consistently	higher	in	the	Spring	data	than	in	the	Fall	data.		This	suggests	that	cod	
are	more	widely	dispersed	in	Fall.	
	 The	presence	of	strong	spatial	autocorrelation	among	subpopulations	strongly	
supports	the	view	that	these	boundaries	define	coherent	metapopulation	components,	
and	are	not	merely	arbitrary.		Abundance	within	arbitrary	boundaries	would	not	be	
expected	to	show	such	a	pronounced	pattern	of	spatial	autocorrelation;	similarly,		
spatially	divided	regions	of	a	single,	homogeneous	stock	lacking	metapopulation	
structure	would	exhibit	generally	uniform	temporal	correlations	irrespective	of	spatial	
proximity.	
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Table	10.		Matrix	classifying	subpopulations	according	to	their	spatial	proximity,	i.e.	the	
number	of	intervening	subpopulations.	
 
	
	
	
Table	11.		Fall	correlation	matrix	for	Gulf	of	Maine	cod	subpopulations	(Pearson	R).	
	
	
	
Table	12.		Spring	correlation	matrix	for	Gulf	of	Maine	cod	subpopulations	(Pearson	R).	
	
	
	
	
	
	
	
	
	
	
	
Degree	of	adjacency
Cape	Cod	subpopulation 0 1 2 3 4
Ipswich	Bay	subpopulation 0 1 2 3
Western	Maine	subpopulation 0 1 2
Midcoast	Maine	subpopulation 0 1
Eastern	Maine	subpopulation 0
Bay	of	Fundy	subpopulation
Bay	of	Fundy	
subpopulation
Ipswich	Bay	
subpopulation
Western	Maine	
subpopulation
Midcoast	Maine	
subpopulation
Eastern	Maine	
subpopulation
0
1
2
3
4
0-level	proximity 	(subpopulations	share	a	boundary)
2nd-level	proximity 	(two	intervening	subpopulations)
1st-level	proximity 	(one	intervening	subpopulation)
3rd-level	proximity 	(three	intervening	subpopulations)
4th-level	proximity 	(four	intervening	subpopulations)
Fall	adjacency	table	(Pearson	R)
Cape	Cod	subpopulation 0.573 0.260 0.107 0.134 0.120
Ipswich	Bay	subpopulation 0.682 0.526 0.419 -0.044
Western	Maine	subpopulation 0.766 0.772 0.262
Midcoast	Maine	subpopulation 0.854 0.458
Eastern	Maine	subpopulation 0.653
Bay	of	Fundy	subpopulation
Bay	of	Fundy	
subpopulation
Ipswich	Bay	
subpopulation
Western	Maine	
subpopulation
Midcoast	Maine	
subpopulation
Eastern	Maine	
subpopulation
Spring	adjacency	table	(Pearson	R)
Cape	Cod	subpopulation 0.814 0.532 0.382 0.312 -0.089
Ipswich	Bay	subpopulation 0.762 0.634 0.622 0.186
Western	Maine	subpopulation 0.857 0.866 0.598
Midcoast	Maine	subpopulation 0.947 0.728
Eastern	Maine	subpopulation 0.758
Bay	of	Fundy	subpopulation
Ipswich	Bay	
subpopulation
Western	Maine	
subpopulation
Midcoast	Maine	
subpopulation
Eastern	Maine	
subpopulation
Bay	of	Fundy	
subpopulation
	 64	
Table	13.		Fall	R-squared	matrix	for	Gulf	of	Maine	cod	subpopulations	(Pearson	R2).	
	
	
	
	
	
Table	14.		Spring	R-squared	matrix	for	Gulf	of	Maine	cod	subpopulations	(Pearson	R2).	
	
	
	
	
	
Figure	25.		Pearson	correlation	coefficients	between	
subpopulation	abundance	indices	ordinated	by	degree	of	
spatial	proximity,	Fall	indices	
	
Figure	26.		Pearson	coefficients	of	determination	
between	subpopulation	abundance	indices	ordinated	by	
degree	of	spatial	proximity,	Fall	indices	
	
Fall	adjacency	table	(Pearson	R2)
Cape	Cod	subpopulation 0.328 0.067 0.012 0.018 0.014
Ipswich	Bay	subpopulation 0.000 0.465 0.277 0.176 0.002
Western	Maine	subpopulation 0.000 0.000 0.587 0.596 0.068
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Figure	27.		Pearson	correlation	coefficients	between	
subpopulation	abundance	indices	ordinated	by	degree	of	
spatial	proximity,	Spring	indices	
	
Figure	28.		Pearson	coefficients	of	determination	
between	subpopulation	abundance	indices	ordinated	by	
degree	of	spatial	proximity,	Spring	indices	
	
	
Figure	29.		Mean	correlation	coefficients	between	
subpopulations	ordinated	by	degree	of	spatial	proximity,	
Spring	and	Fall	
	
	
Figure	30.		Mean	Pearson	coefficients	of	determination	
between	subpopulations	ordinated	by	degree	of	spatial	
proximity,	Spring	and	Fall	
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3.3.	Likelihood-based	Stability	Analysis	
	 Stable	and	unstable	dynamical	systems	models	were	fitted	to	each	abundance	
index	from	2008	to	2012,	and	distributions	of	the	null	statistic	d0	and	test	statistic	d1	
were	obtained	from	surrogate	stochastic	time	series.				Figure	31	shows	distributions	of	
d1	for	each	metapopulation	unit	over	the	five-year	time	interval	analyzed.		Vertical	lines	
correspond	to	the	empirically	observed	value	of	dobserved	in	each	year.		The	integral	of	
each	distribution	to	the	right	of	dobserved	defines	the	True	Positive	rate,	or	the	rate	at	
which	an	unstable	model	with	the	estimated	parameters	would	be	expected	to	produce	
an	abundance	index	with	a	corresponding	value	of	d	consistent	with	dobserved.	
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Figure	31.		Distributions	plots	of	the	log-likelihood	warning	indicator	d1	(equation	11)	
from	500	Monte	Carlo	realizations	of	an	unstable	model	(equation	6).		Parameters	were	
estimated	based	on	the	observed	abundance	time	series.		The	total	area	under	each	
distribution	is	equal	to	1.		Vertical	lines	represent	the	observed	values	of	the	warning	
indicator	dobserved	in	the	original	data.		If	an	observed	abundance	time	series	is	treated	as	
one	realization	of	a	generic	dynamical	process	with	the	parameters	estimated	from	the	
data,	the	integrated	area	under	the	distribution	to	the	right	of	dobserved	represents	the	
rate	at	which	an	unstable	form	of	this	process	will	produce	indicator	values	at	least	as	
large	as	the	observed	value.		This	translates	to	the	“true	positive”	rate	associated	with	
dobserved.		The	true	positive	rate	can	be	thought	of	as	the	“risk”	that	the	unstable	model	
may	represent	the	correct	model	for	the	observed	time	series.		
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Figure	31	Continued	
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Figure	31	Continued	
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Spring	Series		Figure	31	Continued	
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Figure	31	Continued	
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Figure	31	Continued	
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Figure	32.		Overlapping	null	and	test	log-likelihood	distributions	of	d0	and	d1,	2008-2012.		
The	amount	of	non-overlap	between	these	distributions	defines	the	statistical	power	of	
the	likelihood-based	simulation	methodology	to	assign	an	abundance	index	to	either	the	
stable	or	the	unstable	model.		GoM	=	Gulf	of	Maine,	WME	=	Western	Maine,	EME	=	
Eastern	Maine,	CC	=	Cape	Cod,	IB	=	Ipswich	Bay,	MidME	=	Midcoast	Maine.	
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Figure	32	Continued	
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Spring	Series		Figure	32	Continued	
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Figure	32	Continued	
	
	
	
	 From	these	null	and	test	distributions,	receiver-operator	characteristic	(ROC)	
curves	were	produced	showing	the	rate	of	True	Positives	against	the	rate	of	False	
Positives.		These	are	shown	in	Figure	33	for	each	metapopulation	unit	by	season	from	
2008-2012.		An	increase	in	the	True	Positive	rate	implies	an	increasing	risk	that	the	
population	dynamics	underlying	an	abundance	index	may	be	unstable	near	the	region	of	
a	saddle-node	bifurcation.		This	risk	is	a	function	of	both	the	magnitude	of	the	observed	
deviance	between	models	dobserved	(which	serves	as	an	early	warning	indicator	of	
instability)	and	our	relative	inability	to	distinguish	stable	dynamics	(false	positives)	from	
unstable	dynamics	(true	positives)	at	the	threshold	defined	by	dobserved.	
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Figure	33.		Receiver-operator	characteristic	curves	for	Gulf	of	Maine	cod	
metapopulation	units,	2008-2012	(Spring	and	Fall)	
	
Gulf	of	Maine	stock,	Spring	
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Figure	33	Continued	
	
Cape	Cod	subpopulation,	Spring	
	
Cape	Cod	subpopulation,	Fall	
	
Ipswich	Bay	subpopulation,	Spring	
	
Ipswich	Bay	subpopulation,	Fall	
	
Western	Maine	subpopulation,	Spring	
	
Western	Maine	subpopulation,	Fall	
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Figure	33	Continued	
	
Midcoast	Maine	subpopulation,	Spring	
	
Midcoast	Maine	subpopulation,	Fall	
	
Eastern	Maine	subpopulation,	Spring	
	
Eastern	Maine	subpopulation,	Fall	
	
To	better	visualize	the	empirically	observed	locations	on	the	ROC	curves	in	both	
Spring	and	Fall	for	each	metapopulation	component,	these	were	plotted	together	by	
stock	in	Figure	34.	
The	steepness	of	the	ROC	curve	at	any	particular	point	quantifies	the	rate	at	
which	a	hypothetical	abundance	index	with	an	empirical	deviance	between	models	d	
will	be	correctly	classified	as	a	product	of	either	stable	or	unstable	dynamics.		This	can	
be	interpreted	as	the	relative	power	of	the	likelihood-based	modeling	approach	to	
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detect	instability	in	a	particular	abundance	index.		The	relative	detection	power	
associated	with	each	observation	is	plotted	by	year	in	Figure	36.	
Detection	power	was	relatively	poor	in	most	years,	likely	owning	to	the	way	in	
which	the	abundance	indices	were	constructed,	with	estimated	abundances	informed	
by	multiple	years	of	data.		However,	greater	power	is	seen	in	certain	years	and	for	
certain	populations.		The	overall	Gulf	of	Maine	stock	shows	some	ability	to	detect	
instability,	and	detection	power	is	moderate	for	the	Ipswich	Bay	and	Western	Maine	
subpopulations.		The	Midcoast	Maine	subpopulation	also	shows	good	power	of	
detection	in	2011,	along	with	extremely	high	power	(and	a	pronounced	early	warning	
signal)	in	2010.	
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Figure	34.		Observed	receiver-operator	characteristic	curve	positions	for	Spring	(blue)	
and	Fall	(red)	substock	abundance	indices,	2008-2012.		Gulf	of	Maine	stock,	Eastern	and	
Western	Gulf	of	Maine	substocks.	
	
	
Gulf	of	Maine	Stock.	
	
Western	Maine	Substock.	
	
Eastern	Maine	Substock.	
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Figure	35.		Observed	receiver-operator	characteristic	curve	positions	for	Spring	(blue)	and	Fall	
(red)	subpopulation	abundance	indices,	2008-2012.	
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Table	15	and	16	summarizes	the	observed	true	positive	and	false	positive	rates	for	the	
ROC	curve	positions.	
	
Table	15.		Rates	of	true	and	false	positives	associated	with	observed	Cox	deviance	
between	stable	and	unstable	models.		Values	for	Fall	abundance	indices.		CC	=	Cape	Cod,	
IB	=	Ipswich	Bay,	E	ME=	Eastern	Maine.		(Data	for	Fall)	
	
	
Table	16.		Rates	of	true	and	false	positives	associated	with	observed	Cox	deviance	
between	stable	and	unstable	models.		Values	for	Spring	abundance	indices.		CC	=	Cape	
Cod,	IB	=	Ipswich	Bay,	E	ME=	Eastern	Maine.		(Data	for	Spring)	
	
	
	 From	these	results,	annual	changes	and	five-year	trends	were	computed	in	both	
abundance	indices	and	observed	positions	on	the	True	Positive	axis	of	the	ROC	curve.	
Metapopulations	units	were	classified	on	both	an	annual	and	a	trending	basis	according	
to	the	observed	combination	of	directional	changes	in	these	two	metrics.		An	increasing	
frequency	of	true	positives	does	not	necessarily	imply	an	increasing	probability	of	
instability	if	the	rate	of	false	positives	also	increases	by	the	same	amount;	however,	if	
abundance	is	also	trending	negatively,	then	this	is	more	likely	to	be	the	case,	especially	
2012 0.425 0.6325 0.4675 0.7225 0.41 0.105 0.3375 0.4825
2011 0.3025 0.07 0.46 0.7275 0.505 0.045 0.2825 0.565
2010 0.3525 0.0425 0.3075 0.7125 0.6575 0.0775 0.4875 0.655
2009 0.1675 0.0775 0.505 0.6725 0.6775 0.2575 0.325 0.7175
2008 0.2525 0.5275 0.1525 0.4425 0.3175 0.0975 0.1475 0.3475
2012 0.3525 0.535 0.4725 0.625 0.2475 0.0275 0.2725 0.38
2011 0.27 0.025 0.3925 0.66 0.38 0.0225 0.1625 0.4125
2010 0.2175 0.0175 0.2625 0.575 0.52 0.0525 0.0125 0.575
2009 0.095 0.07 0.425 0.565 0.56 0.1525 0.2675 0.6525
2008 0.155 0.4725 0.1275 0.385 0.2175 0.0625 0.0625 0.2625
Midcoast	ME	
subpopulation
E	ME	
subpopulation
True	
Positive
False	
Positive
Fall GoM	stock Western	ME	substock
Eastern	ME	substock	
(excl.	Fundy)
CC	
subpopulation
IB	
subpopulation
Western	ME	
subpopulation
2012 0.1075 0.1625 0.8075 0.185 0.24 0.2525 0.2425 0.3025
2011 0.7 0.085 0.6525 0.245 0.4225 0.3275 0.115 0.5075
2010 0.38 0.2825 0.63 0.2725 0.345 0.33 0.5325 0.595
2009 0.2 0.215 0.485 0.285 0.4075 0.2075 0.475 0.8
2008 0.7275 0.2725 0.735 0.31 0.375 0.34 0.4225 0.615
2012 0.145 0.09 0.7275 0.1075 0.1375 0.11 0.28 0.14
2011 0.555 0.075 0.5825 0.115 0.175 0.18 0.155 0.475
2010 0.1625 0.14 0.505 0.2 0.2375 0.1425 0.41 0.6075
2009 0.1175 0.0775 0.4075 0.0975 0.3275 0.1475 0.42 0.6825
2008 0.5875 0.12 0.68 0.225 0.2575 0.1475 0.2675 0.5025
False	
Positive
Eastern	ME	substock	
(excl.	Fundy)
CC	
subpopulation
IB	
subpopulation
Western	ME	
subpopulation
True	
Positive
Midcoast	ME	
subpopulation
E	ME	
subpopulationSpring GoM	stock
Western	ME	
substock
	 84	
if	abundance	is	already	at	low	levels	approaching	a	hypothetical	depensatory	threshold.		
Such	is	the	case	with	Gulf	of	Maine	cod.		Five-years	trends	in	the	two	metrics	were	
therefore	combined	to	create	a	single	composite	directional	indicator,	interpreted	as	
the	probable	movement	of	a	metapopulation	component	toward	either	more	stable	or	
more	unstable	population	dynamics.		Because	an	increase	in	the	frequency	of	true	
positives	implies	a	greater	risk,	this	interpretation	is	consistent	with	the	precautionary	
approach	(Sethi	2010;	González-Laxe	2005).		Tables	17-18	summarize	these	trends	and	
the	directional	indicators	constructed	from	them.		Tables	19-20	present	the	annual	
changes	in	abundance	and	ROC	curve	position	from	which	these	trends	were	computed.		
A	five-year	time	series	of	the	True	Positive	rate	for	each	population	is	shown	alongside	
the	corresponding	abundance	index	in	Figures	37-44.		Finally,	Figure	45	plots	these	
variables	against	each	other	to	show	the	trajectory	of	the	composite	indicator	over	time	
for	each	population.	
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Table	17.		Fall	summary	table	of	five-year	trends	used	to	identify	stocks	with	potentially	
rising	instability	in	their	population	dynamics.		Five-year	trends	in	abundance	indices	
and	ROC	curve	position	(True	Positive	axis)	are	directionally	compared.		(See	Figure	45.)	
	
	
Table	18.		Spring	summary	table	of	five-year	trends	used	to	identify	stocks	with	
potentially	rising	instability	in	their	population	dynamics.		Five-year	trends	in	abundance	
indices	and	ROC	curve	position	(True	Positive	axis)	are	directionally	compared.		(See	
Figure	45.)	
	
	
FALL$
ABUNDANCE$
INDEX$
Abundance)
Index)
Change)in)
Abundance)
Index)
Direction)
of)Change)
(+)or)7))
ROC)Position)
(True)Positive)
axis))
Change)in)
ROC)Curve)
Position)
Direction)
of)Change)
(+)or)7))
Directional)
Match?)
Gulf)of)Maine)
Stock) 4910) 83) +) 0.425) 0.1225) +) TRUE)
Western)Maine)
Substock) 3351) 104) +) 0.6325) 0.5625) +) TRUE)
Eastern)Maine)
Substock) 1559) 721) 7) 0.4675) 0.0075) +) FALSE)
Cape)Cod)
Subpopulation) 1332) 717) 7) 0.7225) 70.005) 7) TRUE)
Ipswich)Bay)
Subpopultion) 1280) 25) +) 0.41) 70.095) 7) FALSE)
Western)Maine)
Subpopution) 738) 95) +) 0.105) 0.06) +) TRUE)
Midcoast)Maine)
Subpopulation) 1127) 19) +) 0.3375) 0.055) +) TRUE)
Eastern)Maine)
Subpopulation) 432) 739) 7) 0.4825) 70.0825) 7) TRUE)!!
FALL$$
ABUNDANCE$$
INDEX$
Five7year)
Abundance)Trend)
Five7year)Trend)in)
ROC)Curve)Position)
Direction)of)
Abundance)
Trend)(+)or7))
Direction)of)ROC)
Trend)(+)or)7))
Directional)
Match?)
Gulf)of)Maine)
Stock) 7794) 0.106) 7) +) FALSE)
Western)Maine)
Substock) 7855) 0.135) 7) +) FALSE)
Eastern)Maine)
Substock) 61) 0.142) +) +) TRUE)
Cape)Cod)
Subpopulation) 7278) 0.116) 7) +) FALSE)
Ipswich)Bay)
Subpopultion) 7223) 70.093) 7) 7) TRUE)
Western)Maine)
Subpopution) 7355) 70.069) 7) 7) TRUE)
Midcoast)Maine)
Subpopulation) 775) 70.01) 7) 7) TRUE)
Eastern)Maine)
Subpopulation) 136) 70.05) +) 7) FALSE)!
SPRING'
ABUNDANCE'
INDEX'
Abundance)
Index)
Change)in)
Abundance)
Index)
Direction)
of)Change)
(+)or)7))
ROC)Position)
(True)Positive)
axis))
Change)in)
ROC)Curve)
Position)
Direction)
of)Change)
(+)or)7))
Directional)
Match?)
G lf)of)Maine)
Stock) 4307) 34) +) 0.108) 70.592) 7) FALSE)
Western)Mai e)
Substock) 2811) 760) 7) 0.163) 0.078) +) FALSE)
Eastern)Mai e)
Sub tock) 1496) 94) +) 0.808) 0.155) +) TRUE)
Cape)Cod)
Subp pulatio ) 985) 740) 7) 0.185) 70.06) 7) TRUE)
Ipswich)B y)
Subpopultio ) 1000) 7) +) 0.24) 70.183) 7) FALSE)
Western)Mai e)
Subpopution) 826) 727) 7) 0.253) 70.075) 7) TRUE)
Midcoast)Maine)
Subpopulation) 845) 16) +) 0.243) 0.128) +) TRUE)
Eastern)Maine)
Subpopulation) 651) 78) +) 0.303) 70.205) 7) FALSE)!!
SPRING'
ABUNDANCE''
INDEX'
Five7year)
Abundance)Trend)
Five7year)Trend)in)
ROC)Curve)Position)
Direction)of)
Abundance)
Trend)(+)or7))
Direction)of)ROC)
Trend)(+)or)7))
Directional)
Match?)
Gulf)of)Maine)
Stock) 7993) 70.032) 7) 7) TRUE)
Western)Maine)
Substock) 7748) 70.133) 7) 7) TRUE)
Eastern)Maine)
Substock) 7245) 0.114) 7) +) FALSE)
Cape)Cod)
Subpopulation) 7356) 70.074) 7) 7) TRUE)
Ipswich)Bay)
Subpopultion) 7318) 70.044) 7) 7) TRUE)
Western)Maine)
Subpopution) 773) 70.002) 7) 7) TRUE)
Midcoast)Maine)
Subpopulation) 7466) 70.298) 7) 7) TRUE)
Eastern)Maine)
Subpopulation) 220) 70.265) +) 7) FALSE)!
	 86	
Table	19.		Annual	changes	in	abundance	indices	and	ROC	curve	position	(True	Positive	
axis)	used	to	compute	five-year	trends.		(See	Figures	37-44.)		GoM	stock,	substocks	and	
subpopulations	for	Fall.	
	
	
	
	
STOCK YEAR
Abundance 
Index
Change in 
abundance 
index
Direction of 
change          
(+ or -)
ROC position 
(True Positive 
axis)
Change in 
ROC curve 
position
Direction of 
change           
(+ or -)
Directional 
match?
2008 6258 ― ― 0.2525 ― ―
2009 5646 -612 - 0.1675 -0.085 - TRUE
2010 5083 -563 - 0.3525 0.185 + FALSE
2011 4827 -256 - 0.3025 -0.05 - TRUE
2012 4910 83 + 0.425 0.1225 + TRUE
Gulf of Maine 
stock
2008 4623 ― ― 0.5275 ― ―
2009 4169 -455 - 0.0775 -0.45 - TRUE
2010 3669 -500 - 0.0425 -0.035 - TRUE
2011 3247 -422 - 0.07 0.0275 + FALSE
2012 3351 104 + 0.6325 0.5625 + TRUE
Western 
Maine 
substock
2008 1634 ― ― 0.1525 ― ―
2009 1477 -157 - 0.505 0.3525 + FALSE
2010 1414 -63 - 0.3075 -0.1975 - TRUE
2011 1580 166 + 0.46 0.1525 + TRUE
2012 1559 -21 - 0.4675 0.0075 + FALSE
Eastern 
Maine 
substock 
(excluding 
Fundy)
STOCK YEAR
Abundance 
Index
Change in 
abundance 
index
Direction of 
change          
(+ or -)
ROC position 
(True Positive 
axis)
Change in 
ROC curve 
position
Direction of 
change           
(+ or -)
Directional 
match?
2008 1687 ― ― 0.4425 ― ―
2009 1628 -59 - 0.6725 0.23 + FALSE
2010 1540 -88 - 0.7125 0.04 + FALSE
2011 1349 -191 - 0.7275 0.015 + FALSE
2012 1332 -17 - 0.7225 -0.005 - TRUE
Cape Cod 
subpopulation
2008 1601 ― ― 0.3175 ― ―
2009 1475 -126 - 0.6775 0.36 + FALSE
2010 1395 -80 - 0.6575 -0.02 - TRUE
2011 1255 -140 - 0.505 -0.1525 - TRUE
2012 1280 25 + 0.41 -0.095 - FALSE
Ipswich Bay 
subpopulation
2008 1335 ― ― 0.0975 ― ―
2009 1066 -269 - 0.2575 0.16 + FALSE
2010 735 -331 - 0.0775 -0.18 - TRUE
2011 643 -92 - 0.045 -0.0325 - TRUE
2012 738 95 + 0.105 0.06 + TRUE
Western 
Maine 
subpopulation
2008 1312 ― ― 0.1475 ― ―
2009 1176 -136 - 0.325 0.1775 + FALSE
2010 1088 -88 - 0.4875 0.1625 + FALSE
2011 1108 20 + 0.2825 -0.205 - FALSE
2012 1127 19 + 0.3375 0.055 + TRUE
Midcoast 
Maine 
subpopulation
2008 322 ― ― 0.3475 ― ―
2009 301 -22 - 0.7175 0.37 + FALSE
2010 325 25 + 0.655 -0.0625 - FALSE
2011 472 146 + 0.565 -0.09 - FALSE
2012 432 -39 - 0.4825 -0.0825 - TRUE
Eastern 
Maine 
subpopulation
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Table	20.		Annual	changes	in	abundance	indices	and	ROC	curve	position	(True	Positive	
axis)	use	to	compute	five-year	trends.		(See	Figures	37-44.)		GoM	stock,	substocks	and	
subpopulations	for	Spring.	
	
	
	
	
	
	
	
STOCK YEAR
Abundance 
Index
Change in 
abundance 
index
Direction of 
change          
(+ or -)
ROC position 
(True Positive 
axis)
Change in 
ROC curve 
position
Direction of 
change           
(+ or -)
Directional 
match?
2008 5847 ― ― 0.728 ― ―
2009 5213 -635 - 0.200 -0.528 - TRUE
2010 4790 -423 - 0.380 0.180 + FALSE
2011 4273 -517 - 0.700 0.320 + FALSE
2012 4307 34 + 0.108 -0.593 - FALSE
Gulf of Maine 
stock
2008 4028 ― ― 0.273 ― ―
2009 3675 -353 - 0.215 -0.057 - TRUE
2010 3062 -613 - 0.283 0.067 + FALSE
2011 2871 -192 - 0.085 -0.198 - TRUE
2012 2811 -60 - 0.163 0.078 + FALSE
Western 
Maine 
substock
2008 1819 ― ― 0.735 ― ―
2009 1537 -282 - 0.485 -0.250 - TRUE
2010 1727 190 + 0.630 0.145 + TRUE
2011 1402 -325 - 0.653 0.023 + FALSE
2012 1496 94 + 0.808 0.155 + TRUE
Eastern 
Maine 
substock 
(excluding 
Fundy)
2008 1509 ― ― 0.310 ― ―
2009 1366 -142 - 0.285 -0.025 - TRUE
2010 1211 -156 - 0.273 -0.013 - TRUE
2011 1026 -185 - 0.245 -0.028 - TRUE
2012 985 -40 - 0.185 -0.060 - TRUE
Cape Cod 
subpopulation
2008 1443 ― ― 0.375 ― ―
2009 1317 -126 - 0.408 0.033 + FALSE
2010 1183 -134 - 0.345 -0.063 - TRUE
2011 992 -190 - 0.423 0.078 + TRUE
2012 1000 7 + 0.240 -0.183 - TRUE
Ipswich Bay 
subpopulation
2008 1077 ― ― 0.340 ― ―
2009 992 -85 - 0.208 -0.133 - TRUE
2010 669 -323 - 0.330 0.123 + FALSE
2011 853 184 + 0.328 -0.003 - FALSE
2012 826 -27 - 0.253 -0.075 - TRUE
Western 
Maine 
subpopulation
2008 1575 ― ― 0.423 ― ―
2009 1157 -419 - 0.475 0.053 + FALSE
2010 1177 20 + 0.533 0.058 + TRUE
2011 829 -347 - 0.115 -0.418 - TRUE
2012 845 16 + 0.243 0.128 + TRUE
Midcoast 
Maine 
subpopulation
2008 244 ― ― 0.615 ― ―
2009 381 137 + 0.800 0.185 + TRUE
2010 551 170 + 0.595 -0.205 - FALSE
2011 573 22 + 0.508 -0.088 - FALSE
2012 651 78 + 0.303 -0.205 - FALSE
Eastern 
Maine 
subpopulation
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Figure	36.		Relative	power	of	the	model-based	likelihood	approach	to	distinguish	stable	
from	unstable	population	dynamics	based	on	the	amount	of	non-overlap	between	d0	
(null,	stable)	and	d1	(test,	unstable)	distributions	of	the	test	statistic	d.		Like	d	itself,	this	
power	is	measured	in	arbitrary	units	and	is	equivalent	to	the	area	under	the	receiver-
operator	characteristic	curve	above	the	45-degree	line	in	a	particular	year	(see	Figure	
33).		Annual	values	for	each	population	unit	were	computed	by	subtracting	the	true	
positive	rate	(True	Positive	axis)	from	the	false	positive	rate	(False	Positive	axis)	on	the	
ROC	curve	for	each	year	across	all	thresholds	of	d.		Perfect	detection	would	equal	the	
entire	area	under	the	45-degree	line,	or	0.5.	
	
	
Relative	detection	power,	Gulf	of	Maine	stock	and	
substocks.		Fall	2008-2012	
	
Relative	detection	power,		Gulf	of	Maine	stock	and	
substocks.		Spring	2008-2012		
	
Relative	detention	power,	subpopulations.	Fall	
2008-2012.		CC=	Cape	Cod,	IB=Ipswich	Bay,	WM=	
Western	Maine,	MM=Midcoast	Maine,	
EM=Eastern	Maine	
	
Relative	detention	power,	subpopulations.		Spring	
2008-2012.		CC=Cape	Cod,	IB=Ipswich	Bay,	WM	=	
Western	Maine,	MM=Midcoast	Maine,	
EM=Eastern	Maine	
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Figure	37.		Abundance	index	values	for	Eastern	and	
Western	Maine	substocks	and	the	overall	Gulf	of	
Maine	stock.		Fall,	2008-2012	
	
	
Figure	38.		True	Positive	axis	values	of	receiver-
operator	characteristic	curves	over	time.		Time	
series	are	for	the	Eastern	and	Western	Maine	
substocks	and	the	overall	Gulf	of	Maine	cod	stock.		
Fall,	2008-2012	
	
	
Figure	39.		Abundance	index	values	for	five	
subpopulations.		Fall,	2008-2012.		CC=	Cape	Cod,	
IB=Ipswich	Bay,	WM=	Western	Maine,	
MM=Midcoast	Maine,	EM=Eastern	Maine	
	
Figure	40.		True	Positive	axis	values	of	receiver-
operator	characteristic	curves	over	time.		Time	
series	are	for	the	five	subpopulations.		Fall,	2008-
2012.		CC=	Cape	Cod,	IB=Ipswich	Bay,	WM=	
Western	Maine,	MM=Midcoast	Maine,	
EM=Eastern	Maine	
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Figure	41.		Abundance	index	values	for	Eastern	and	
Western	Maine	substocks	and	the	overall	Gulf	of	
Maine	stock.		Spring,	2008-2012	
	
	
Figure	42.		True	Positive	axis	values	of	receiver-
operator	characteristic	curves	over	time.		Time	
series	are	for	the	Eastern	and	Western	Maine	
substocks	and	the	overall	Gulf	of	Maine	cod	stock.		
Spring,	2008-2012	
	
Figure	43.		Abundance	index	values	for	the	five	
subpopulations	within	the	Gulf	of	Maine	cod	stock.		
CC=Cape	Cod,	IB=Ipswich	Bay,	WM=Western	
Maine,	MM=Midcoast	Maine,	EM=Eastern	Maine.		
Spring,	2008-2012	
	
	
Figure	44.		True	Positive	axis	values	of	receiver-
operator	characteristic	curves	over	time.		Time	
series	are	for	the	five	subpopulations	within	the	
Gulf	of	Maine	cod	stock.		CC=Cape	Cod,	IB=Ipswich	
Bay,	WM=Western	Maine,	MM=Midcoast	Maine,	
EM=Eastern	Maine.		Spring,	2008-2012	
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Figure	45.		Joint	trajectories	for	abundance	and	ROC	curve	position	(True	Positive	axis),	
2008-2012.		Spring	and	fall	trajectories	are	shown	for	all	subpopulations,	substocks,	and	
the	overall	Gulf	of	Maine	cod	stock.		Five-year	time	trends	in	these	trajectories	(dashed	
lines)	served	to	identify	stock	components	that	may	be	moving	in	the	direction	of	more	
unstable	population	dynamics.	
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Figure	45	Continued	
	
Cape	Cod	Subpopulation	
	
Ipswich	Bay	Subpopulation	
	
Western	Maine	Subpopulation	
	
Midcoast	Maine	Subpopulation	
	
Eastern	Maine	Subpopulation	
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	 Table	21	shows	the	results	of	the	stability	analysis	for	each	metapopulation	
component	by	season.		Five-year	trends	and	annual	changes	in	the	composite	indicator	
are	classified	from	most	favorable	to	most	unfavorable,	denoted	symbolically	and	by	
color-coding.		Annual	changes	in	abundance	and	True	Positive	axis	position	are	plotted	
on	a	relative	magnitude	scale	for	each	metapopulation	component	in	Figure	46.		Each	
plot	is	divided	into	quadrants	according	to	the	classification	scheme	in	Table	21.		
Metapopulation	components	whose	five-year	trends	are	unfavorable	with	respect	to	
both	stability	and	abundance	are	potential	candidates	for	local,	area-based	
management	intervention.		Trends	in	abundance	and	likelihood	of	instability	could	
possibly	form	the	basis	of	a	secondary	harvest	control	rule,	or	other	management	rule,	
at	the	scale	of	substocks	or	subpopulations.	
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Table	21.		Summary	of	results	from	the	analysis	of	stability	and	abundance	trends.		
Stocks	were	classified	based	on	their	composite	five-year	trends	in	abundance	and	
observed	position	on	the	True	Positive	axis	of	the	receiver-operator	characteristic	curve.		
Categories	were	defined	as	follows:	
	
1) +-:	Increasing	abundance	trend,	decreasing	position	on	ROC	curve.		Indicates	an	
improving	stock	condition.		Color-coded	green.	
2) ++:	Increasing	abundance	trend,	increasing	position	on	ROC	curve.		Indicates	a	
potentially	improving	stock	condition,	but	possibly	also	a	result	of	rising	variance	
due	to	increased	instability.		Color-coded	yellow.	
3) --:	Decreasing	abundance	trend,	decreasing	position	on	ROC	curve.		Indicates	a	
decrease	in	abundance	that	has	not	yet	led	to	increasing	instability.		Population	
may	not	be	in	the	near	vicinity	of	a	critical	transition	point.		Color-coded	orange.	
4) -+:	Decreasing	abundance	trend,	increasing	position	on	ROC	curve.		Indicates	a	
deteriorating	stock	condition	with	rising	risk	of	unstable	population	dynamics.		
Color-coded	red.	
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Figure	46.		Plots	showing	year-over-year	changes	in	relative	abundance	versus	observed	
location	on	the	True	Positive	axis	of	the	ROC	curve	from	2008	to	2012	(see	Table	21).		
Plots	combine	Spring	and	Fall	datasets.		Annual	changes	in	abundance	are	standardized	
to	time	series	means	to	facilitate	comparisons	of	relative	magnitude	among	stocks	and	
substocks.		Outcomes	are	classified	into	four	quadrants:	1)	Decreasing	abundance	and	
increasing	ROC	curve	positon	(red);	2)	Decreasing	abundance	and	decreasing	ROC	curve	
position	(orange);	3)	Increasing	abundance	and	increasing	ROC	curve	position	(yellow);	
4)	Decreasing	abundance	and	decreasing	ROC	curve	position	(green).	
	
	
Data	for	all	metapopulation	units	combined,	2008-2012	(subpopulations,	substocks,	and	Gulf	of	Maine	
stock)	
	
	
Gulf	of	Maine	stock,	2008-2012	
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Figure	46	Continued	
	
Western	Maine	Substock,	2008-2012	
	
	
Eastern	Maine	substock,	2008-2012	
	
	
Cape	Cod	subpopulation,	2008-2012	
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Figure	46	Continued	
	
Ipswich	Bay	subpopulation,	2008-2012	
	
	
Western	Maine	Subpopulation,	2008-2012	
	
	
Midcoast	Maine	subpopulation,	2008-2012	
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Figure	46	Continued	
	
Eastern	Maine	subpopulation,	2008-2012	
	
	
3.4.	Overview	of	Stability	Analysis	Results	
3.4.1.	Gulf	of	Maine	Stock,	2008-2012	
	 The	overall	Gulf	of	Maine	stock	abundance	index	declined	from	2008	to	2012	in	
both	Spring	and	Fall.		Instability	risk	fluctuated	considerably	in	the	Spring	time	series	but	
showed	no	particular	trend.		However,	it	showed	a	rising	trajectory	in	the	Fall	data,	
consistent	with	that	seen	in	the	more	abundant	Western	Maine	substock.		In	2012,	a	
pause	in	the	decline	in	Spring	abundance	also	saw	a	large	drop	in	the	True	Positive	axis	
position,	suggesting	a	stabilization	of	the	population	dynamics.	
	
3.4.2.	Western	Maine	Substock,	2008-2012	
	 Estimated	cod	abundance	declined	in	this	substock	as	measured	by	the	five-year-
trend,	driving	the	overall	decline	seen	throughout	the	Gulf	of	Maine	cod	stock.		This	
occurred	in	both	Spring	and	Fall	indices.		In	addition,	all	of	the	substocks	also	showed	
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declining	trends	in	biomass.		Regarding	the	stability	analysis,	the	true	positive	axis	
position	showed	a	moderately	decreasing	trend	in	Spring,	while	a	much	stronger	
increasing	trend	was	observed	for	the	Fall	index.		This	stronger	trend	toward	increasing	
risk	of	instability	within	the	Fall	abundance	index	is	consistent	with	the	trends	for	the	
sub	stocks	comprising	the	Western	Maine	substock.		The	Cape	Cod	subpopulation	
showed	a	very	modest	decline	in	instability	risk	in	the	Spring	data,	but	a	sharply	rising	
risk	in	the	Fall.		Ipswich	Bay	showed	a	similarly	modest	decline	in	risk	in	Spring,	but	a	
sharp	risk	increase	in	Fall	between	2008	and	2009.		This	increase	only	gradually	returned	
to	the	2008	baseline	over	the	next	three	years.		Overall,	no	noteworthy	trend	toward	
instability	was	seen	in	the	Spring	data,	but	an	elevated	rate	of	true	positives	was	seen	in	
the	Fall	data,	apparently	driven	by	the	Cape	Cod	stock.		This	result	is	consistent	with	the	
Cape	Cod	stock	being	the	most	abundant	of	the	sub	stocks	by	the	end	of	the	time	series,	
and	thus	the	most	powerful	driver	of	instability	trends	at	the	larger	substock	scale.		The	
alignment	of	both	abundance	and	stability	trends	in	the	Fall	index	across	the	Cape	Cod	
subpopulation,	the	Western	Maine	substock,	and	the	entire	Gulf	of	Maine	stock	strongly	
suggests	that	Cape	Cod	is	a	primary	driver	of	trends	at	all	three	hierarchical	scales.		
	 In	Ipswich	Bay,	a	similar	phenomenon	was	seen	in	2012	to	that	seen	in	the	
overall	Gulf	of	Maine	stock.		A	pause	in	the	abundance	decline	also	saw	a	reduction	in	
the	True	Positive	axis	and	thus	in	the	risk	of	instability.		This	occurred	in	both	the	Spring	
and	Fall	data,	offering	evidence	that	arresting	stock	declines	also	yields	more	stable	
population	dynamics.	
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3.4.3.	Eastern	Maine	Substock,	2008-2012	
	 Cod	in	the	eastern	part	of	the	Gulf	of	Maine	are	heavily	depleted	and	have	
already	undergone	catastrophic	collapse	(Frank	et	al.	2005).		Hence,	it	would	not	
necessarily	be	expected	to	see	evidence	of	instability	in	this	substock	in	recent	years.		
Even	so,	interesting	patterns	were	seen	in	the	data.		Most	notably,	there	was	a	positive	
five-year	trend	in	the	rate	of	true	positives	seen	in	the	Spring	data,	and	this	was	
matched	by	an	overall	abundance	decrease	for	the	substock.		Eastern	Maine	is	thus	a	
region	that	triggers	concern.		However,	neither	of	the	two	individual	subpopulations	
showed	a	trend	toward	increasing	risk	of	instability,	even	though	one	was	seen	at	the	
larger	scale.		This	result	is	unexpected,	but	points	to	the	importance	of	examining	
stability	at	multiple	spatial	and	hierarchical	scales	when	dealing	with	a	complex	
metapopulation	such	as	Gulf	of	Maine	cod.	
	 To	explain	this	result,	trends	in	the	two	constituent	substocks	must	be	examined.		
The	Eastern	Maine	subpopulation	shows	the	greatest	consistency	with	respect	to	
interannual	changes	in	both	abundance	and	risk	of	instability.		In	both	Spring	and	Fall,	
abundance	shows	an	increasing	five-year	trend	accompanied	by	a	falling	risk	of	
instability.		These	trends	were	more	pronounced	in	Spring	than	Fall,	and	were	consistent	
over	every	two-year	period	except	for	2008-2009.		Accordingly,	the	Eastern	Maine	
subpopulation	is	the	only	one	showing	clear,	though	minor,	improvement	in	its	
condition	over	the	five-year	period	considered.	
	 In	contrast	to	the	Eastern	Maine	subpopulation,	the	Midcoast	Maine	abundance	
index	declined	over	the	five-year	period,	particularly	from	2008	to	2009.		In	addition,	a	
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dramatic	increase	in	both	the	steepness	of	the	receiver-operator	characteristic	curve	
and	the	observed	risk	of	instability	is	observed	in	Fall	2010	(Figure	33).		This	strong	
warning	signal	of	instability	followed	years	of	declining	abundance,	and	may	have	
indicated	the	approach	or	passing	of	a	critical	threshold	in	stock	size.		It	is	notable	that	
the	initial	risk	of	instability,	as	measured	by	the	position	on	the	True	Positive	axis	of	the	
ROC	curve,	was	similar	in	the	improving	Eastern	Maine	subpopulation	and	the	larger	
Eastern	Maine	substock	in	2008.		However,	the	large	decline	in	abundance	in	the	
Midcoast	Maine	stock	from	2010	to	2011	may	have	contributed	to	the	positive	five-year	
trend	in	instability	risk	seen	for	the	larger	substock,	versus	the	negative	trend	seen	for	
the	Eastern	Maine	subpopulation.	
	
3.5.	Management	Recommendations	
	 Based	on	the	above	trends	in	stability	and	abundance	of	the	stock	components	
of	the	Gulf	of	Maine	cod	stock,	certain	heuristic	recommendations	can	be	made	
regarding	the	distribution	of	fishing	pressure	upon	these	components.		The	ongoing	and	
widespread	decline	in	all	the	abundance	indices	demonstrates	chronic	overfishing	
throughout	the	stock.		However,	by	2012,	two	subpopulations	appear	to	be	
experiencing	especially	disproportionate	fishing	pressure.		First,	the	consistent	decline	in	
the	abundance	of	the	Cape	Cod	substock	coupled	with	the	trend	of	increasing	instability	
risk	in	the	Fall	time	series	provide	strong	evidence	that	this	substock	is	being	targeted	
disproportionately.		The	other	two	subpopulations	in	the	Western	Maine	substock,	
Ipswich	Bay	and	Western	Maine,	do	not	show	coincident	five-year	trends	of	increasing	
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instability	and	rising	instability,	while	both	showed	improvements	in	individual	years	
with	respect	to	both	variables.		Second,	the	Midcoast	Maine	subpopulation	stands	out	
as	a	driver	of	the	instability	and	abundance	trends	in	the	Eastern	Maine	substock.		The	
Midcoast	Maine	subpopulation	comprises	the	largest	part	of	the	Eastern	Maine	
substock,	which	showed	a	declining	abundance	and	a	rising	risk	of	instability.		Given	that	
the	Eastern	Maine	subpopulation	shows	an	improving	trajectory,	area-based	
management	efforts	should	focus	on	limiting	harvest	from	the	Midcoast	Maine	
subpopulation.	
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CHAPTER	4	
DISCUSSION	
4.1.	General	Discussion	
	 Based	on	the	results	obtained,	likelihood-based	stability	analysis	appears	to	offer	
some	promise	as	a	tool	for	managing	local	cod	population	units.		The	management	
philosophy	behind	this	methodology	is	the	precautionary	principle,	whereby	an	increase	
in	the	frequency	with	which	an	unstable	model	would	be	expected	to	produce	the	
observed	data	is	taken	as	an	increase	in	the	risk	of	a	critical	transition	to	depensatory	
population	dynamics.		This	approach	contrasts	with	that	of	conventional	fisheries	
management.		In	conventional	fisheries	management,	stock	status	is	classified	based	on	
stock	biomass	and	fishing	mortality.		Instead	of	this,	the	heuristic	approach	proposed	in	
this	study	relies	on	trends	in	estimated	abundance	at	multiple	scales	within	a	
metapopulation	combined	with	model-based	estimates	of	the	expected	rate	at	which	
unstable	population	dynamics	would	tend	to	produce	data	that	fits	the	unstable	model	
as	well	as	the	observed	data	does.		Because	Gulf	of	Maine	cod	are	thought	to	
experience	depensatory	dynamics	when	reduced	to	low	levels	of	abundance,	this	rate—
called	the	True	Positive	rate	in	the	context	of	receiver-operator	characteristic	curves—
has	a	clear	biological	meaning.		Moreover,	theoretical	models	of	logistic	population	
growth	with	a	critical	depensatory	threshold	imply	that	instability	close	to	the	threshold	
is	associated	with	excessively	high	levels	of	fishing	mortality.	
	 To	the	author’s	knowledge,	this	is	the	first	study	to	apply	a	model-based	
approach	to	searching	for	instability	at	multiple	spatial	scales	within	a	metapopulation.		
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It	is	also	the	first	study	to	suggest	that	such	a	technique	could	play	a	role	in	managing	
localized	fishing	pressure	on	a	marine	resource	possessing	such	a	population	structure.		
The	primary	focus	of	this	study	was	on	introducing	the	technique	of	stability	analysis	as	
it	could	potentially	be	applied	to	managing	a	ground	fish	metapopulation	at	a	finer	scale	
than	current	approaches	allow.		In	most	years,	the	estimated	abundance	indices	
unfortunately	showed	little	power	to	detect	warning	signals	of	instability	based	on	the	
empirical	value	of	dobserved	on	the	ROC	curve.		However,	this	limitation	can	be	partially	
overcome	in	two	ways:	first,	by	focusing	on	instability	risk	(the	True	Positive	rate)	as	
opposed	to	warning	signals	directly;	and	second,	by	employing	the	direction	of	the	five-
year	abundance	trend	(i.e.	increasing	or	decreasing	abundance)	as	an	additional	
criterion	for	classifying	stock	status.		When	both	the	rate	of	True	Positives	is	increasing,	
indicating	an	increase	in	the	frequency	with	which	an	unstable	system	would	be	
expected	to	produce	the	observed	data,	and	the	abundance	is	also	declining,	a	
precautionary	management	approach	would	argue	against	dismissing	this	increase	
based	on	a	similar	increase	in	the	rate	of	False	Positives.	
	
4.2.	The	Precautionary	Approach	to	Fisheries	Management	
	 Principle	15	of	the	Rio	Declaration	defines	the	precautionary	approach	as	
requiring	that	“where	there	are	threats	of	serious	or	irreversible	damage,	lack	of	full	
scientific	certainty	shall	not	be	used	as	a	reason	for	postponing	cost-effective	measures	
to	prevent	environmental	degradation”	(United	Nations	Conference	on	Environment	
and	Development	1992).		Though	not	legally	binding,	this	definition	would	appear	to	
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favor	heuristic	approaches	to	management	of	fish	stocks	at	a	fine	scale,	where	full	
scientific	certainty	is	precluded	by	data	and	analytical	limitations.		Furthermore,	the	
reauthorized	Magnuson-Stevens	Act	defines	maximum	sustainable	yield	(MSY)	as	the	
upper	limit	on	optimal	yield	(OY),	rather	than	as	a	target	in	itself	(16	U.S.C.	1801	-	
1891(d)).		Darcy	and	Matlock	(1999)	argue	that	this	reauthorization	implicitly	
incorporates	the	idea	of	the	precautionary	approach	into	National	Standard	1	of	the	Act.		
In	practice,	this	means	that	conservative	harvest	schedules	which	avoid	stock	collapse	or	
overexploitation,	even	at	the	cost	of	some	degree	of	underutilization,	are	preferable	to	
strategies	that	risk	these	outcomes	in	order	to	chase	maximum	sustainable	harvest	
(Restrepo	and	Powers	1999).		This	study’s	focus	on	trends	in	relative	risk	of	instability	or	
depensation	flows	from	this	philosophy.	
	
4.3.	Limitations	of	the	Analysis	
	 A	number	of	caveats	apply	to	the	detection	of	early	warnings	of	instability	
irrespective	of	the	statistical	approach	used.		Hastings	and	Wysham	(2010)	note	that	if	a	
system	can	be	modeled	mathematically	such	that	it	possesses	stable	equilibria	that	
follow	a	smooth,	continuous	function	(called	a	potential	surface)	around	which	
fluctuations	are	merely	stochastic,	then	it	will	exhibit	warning	signs	upon	approaching	a	
critical	bifurcation.		Yet	if	the	potential	surface	is	not	smooth,	then	leading	indicators	of	
a	critical	transition	generally	will	not	be	seen.		Boerlijst	et	al.	(2013)	mathematically	
show	that	early	warning	signals	are	only	a	generic	property	of	saddle-node	bifurcations	
in	terms	of	their	response	along	the	dominant	eigenvector	of	the	system	concerned.		
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Finally,	indicators	of	instability	and	potential	regime	shifts	may	fall	within	the	envelope	
of	noise	commonly	observed	in	a	natural	system,	and	therefore	may	be	overlooked	
(Perretti	and	Munch	2012).	
	 Regarding	this	problem	of	detection,	it	should	be	noted	that	the	method	used	in	
this	study	to	interpolate	cod	abundance	and	construct	the	abundance	indices	resulted	in	
somewhat	smoothened	time	series	and,	consequently,	a	considerable	degree	of	
difficulty	in	distinguishing	the	likelihood	of	stable	versus	unstable	population	dynamics	
within	any	individual	year	(Boettiger	and	Hastings	2012a).		This	results	from	the	use	of	a	
temporal	“moving	window”	technique	for	predicting	the	relative	density	of	cod	within	
raster	grid	cells,	wherein	the	abundance	in	a	particular	year	is	informed	by	survey	data	
in	the	preceding	and	following	year.		Use	of	this	method	helped	minimize	the	risk	of	
introducing	misleading	peaks	into	the	abundance	indices,	especially	for	the	five	local	
subpopulations.		Given	the	tendency	of	cod	to	form	temporary	aggregations	(Rose	and	
Kulka	1999),	there	exists	a	risk	that	the	NMFS	trawl	survey	(or	any	other	seasonal	
monitoring	program)	may	encounter	such	an	aggregation	by	chance	and	thereby	report	
a	sudden	increase	in	local	abundance	not	seen	in	earlier	or	later	years	(Kalikhman	and	
Ostrovsky	1997).		Such	a	peak	would	be	an	artifact	of	the	complex	behavior	of	cod,	
combined	with	the	episodic	character	of	sampling.		Increasing	variance	resulting	from	
the	presence	of	false	peaks	in	the	input	data	would	tend	to	increase	the	likelihood	of	
the	unstable	model	fit,	producing	elevated	rates	of	true	positives	and	artificial	steepness	
in	the	ROC	curve.		Such	artifacts	would	lead	to	difficulty	in	distinguishing	true	increases	
in	the	risk	of	instability	from	the	effects	of	observation	error.			By	interpolating	spatial	
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density	within	a	moving	window,	false	year-effects	in	the	abundance	index	can	be	
smoothened.	
	 The	tradeoff	associated	with	this	technique,	however,	is	a	reduction	in	the	
power	of	the	likelihood-based	method	to	distinguish	true	positives	from	false	positives,	
as	seen	in	the	steepness	of	the	ROC	curve.		A	true	increase	in	variance	in	the	abundance	
of	a	population	unit	would	be	somewhat	obscured	by	a	moving-window	interpolation	
approach	incorporating	multiple	years	of	data.		Consequently,	the	resulting	abundance	
index	would	show	less	contrast	in	the	respective	likelihoods	of	stability	or	instability,	
resulting	in	a	diminished	ability	of	the	model-based	method	to	reject	the	null	hypothesis	
when	it	is	false	(i.e.	when	population	dynamics	are	becoming	unstable).		For	this	reason,	
the	analysis	in	this	study	focuses	primarily	on	the	relative	risk	of	instability,	as	conveyed	
by	the	true	positive	rate,	rather	than	on	the	hypothesis	test	itself.	
From	a	management	point	of	view,	the	tradeoff	is	one	between	the	risk	of	
misidentifying	where	and	when	true	instability	requires	intervention,	versus	the	risk	of	
reacting	to	“false	alarms”	(i.e.	false	positives)	due	to	less	sensitive	power	to	distinguish	
these	scenarios.		At	low	abundances,	a	more	precautionary	approach	is	warranted,	in	
the	sense	that	it	is	preferable	to	react	to	a	“false	alarm”	with	a	local	management	
intervention	than	risk	localized	depensation	or	collapse.		This	is	the	perspective	
embodied	in	the	classification	criteria	used	in	this	study	(Table	21),	with	its	focus	on	
relative	change	in	the	True	Positive	axis	position,	as	opposed	to	the	absolute	magnitude	
of	the	observed	Cox	deviance	between	stable	and	unstable	models	(Boettiger	and	
Hastings	2012b;	Cox	1962).		It	is	significant,	however,	that	even	with	an	abundance	
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index	based	on	a	moving	window	interpolation	approach,	a	very	high	sensitivity	was	
achieved	in	Fall	2010	for	the	Midcoast	Maine	subpopulation,	with	a	True	Positive	axis	
position	of	0.533	(Figure	33;	Figure	36;	Table	19).		This	subpopulation	appears	to	be	the	
primary	source	of	instability	risk	in	the	Eastern	Maine	substock	(Table	21).	
	
4.4.	Alternative	Methods	for	Constructing	Abundance	Indices	
	 Geostatistical	delta-generalized	linear	mixed	models	(delta-GLMMs)	offer	an	
alternative	method	of	estimating	density	distributions	of	fish	stocks,	including	Atlantic	
cod,	from	which	subpopulation	abundance	indices	could	be	constructed.		These	mixed	
models	include	a	spatial	habitat	model,	a	random	effect	that	varies	with	spatial	location,	
and	a	fixed	year	effect	derived	from	the	overall	relative	abundance	across	the	entire	
stock	in	each	year	of	the	time	series	(Shelton	et	al.	2014;	Thorson	et	al.	2015).		Delta-
GLMMs	have	the	advantage	of	avoiding	the	exaggerated	temporal	variability	seen	with	
purely	design-based	abundance	estimators	(Thorson	2015)	without	relying	upon	a	
temporal	moving	window	approach	to	do	so.		This	results	in	a	less	smoothened	
abundance	time	series	that	preserves	more	of	the	inter-annual	variability	seen	in	the	
raw	survey	data.		Consequently,	the	abundance	time	series	produced	by	delta-GLMMs	
may	provide	much	greater	statistical	power	to	distinguish	between	the	stable	and	
unstable	hypotheses	when	fitted	to	the	corresponding	dynamical	systems	models	
representing	each	hypothesis.		In	this	respect,	they	may	be	a	superior	alternative	to	
inverse-distance	weighting	or	other	interpolation	methods	with	respect	to	estimating	
abundance	indices	as	inputs	to	stability	analysis.	
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	 However,	there	is	also	a	risk	to	employing	such	an	approach	in	the	context	of	a	
metapopulation	system.		Specifically,	the	fixed	year	effect	is	applied	uniformly	across	
the	entire	stock	even	though	the	contributions	of	different	subpopulations	to	this	effect	
may	not	be	uniform.		If	particular	subpopulations,	such	as	the	Cape	Cod	subpopulation	
in	the	case	of	Gulf	of	Maine	cod,	are	disproportionately	responsible	for	driving	changes	
in	the	overall	stock	abundance,	then	applying	a	single	fixed	year	effect	across	all	
subpopulations	would	bias	the	abundance	indices	estimated	for	the	others.		This,	in	
turn,	would	lead	to	inaccurate	estimation	of	the	risk	of	instability	for	those	stock	
components.		Simulation	studies	should	be	undertaken	to	investigate	this	tradeoff	
between	detection	power	and	potential	bias	as	it	relates	to	delta-GLMMs	and	other	
techniques	for	constructing	abundance	indices.	
	
4.5.	Key	Assumptions	
A	major	assumption	of	this	analysis,	and	one	inherent	in	any	management	
strategy	that	seeks	to	control	harvest	rates	upon	local	cod	stocks,	is	that	individual	cod	
spend	most	of	their	time	within	the	proposed	boundaries	of	the	subpopulations	and/or	
substocks	to	which	they	belong.		The	seasonal	movement	patterns	described	by	Ames	
(2004)	suggest	that	this	may	have	been	historically	the	case.		Furthermore,	inshore	
areas	in	Downeast	Maine	that	are	currently	depleted	of	cod	coincide	with	river	systems	
that	experienced	the	disappearance	of	alewife	(Alosa	pseudoharengus)	spawning	runs	
during	the	1950s,	giving	additional	credibility	to	the	theory	that	subpopulations	of	cod	
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were	once	tied	to	geographically	specific	forage	fish	resources	(Ames	and	Lichterand	
2013).	
Beyond	the	Gulf	of	Maine,	other	stocks	of	Atlantic	cod	do	display	considerable	
site	fidelity,	implying	metapopulation	structure.		Wright	et	al.	(2006a,	2006b)	report	that	
up	to	97%	of	tagged	adult	cod	west	of	Scotland	remained	within	100	km	of	their	
spawning	areas.		Jorde	et	al.	(2007)	describe	genetic	structuring	of	coastal	cod	
populations	along	the	Norwegian	Skagerrak	coast	at	a	spatial	scale	of	30	km	or	less.		
Knutsen	et	al.	(2003)	found	highly	significant	differences	in	10	microsatellite	loci	among	
these	same	populations,	indicating	fine-scaled	population	structure.		In	a	review	of	147	
tagging	studies	performed	on	groups	of	Atlantic	cod,	Robichaud	and	Rose	(2004)	
classified	41	percent	of	these	groups	as	sedentary	cod,	generally	residing	within	a	small	
geographic	range	and	exhibiting	strong	site	fidelity.		This	finding	suggests	that	the	use	of	
finer	scale	stock	boundaries	to	manage	this	species	may	be	a	worthwhile	strategy	even	
if	some	individuals	or	groups	move	outside	the	smaller	management	units.	
	
4.6.	Institutional	and	Policy	Implications	
While	heuristic	tools	such	as	stability	analysis	offer	one	method	for	identifying	
when	and	where	local	management	interventions	may	be	necessary	to	conserve	local	
stocks,	this	does	not	answer	the	question	of	what	form	such	interventions	should	take.		
A	major	consideration	in	this	regard	relates	to	the	type	of	institutional	framework	best	
suited	to	area-based	fisheries	management.		Berkes	(2006)	argues	for	a	small-scale,	
community-based	management	paradigm	for	governing	local	commons,	such	as	local	
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fish	stocks,	at	a	local	level.		In	this	paradigm,	local	management	institutions	such	as	
cooperatives	should	interface	with	institutions	at	a	larger	scale,	such	as	government	
agencies	and	regional	councils,	creating	a	multiscalar	institutional	framework	that	
mirrors	the	multiple	biological	scales	relevant	to	conservation	of	the	resource	(Folke	
2006).		Moreover,	such	systems	would	work	best	if	local	communities	held	right	to	
harvest	local	stocks,	such	that	fishers	have	an	incentive	to	self-regulate	and	conserve	
local	population	structure	(Hilborn	et	al.,	2005;	Ostrom	1990;	Berkes	2010).		These	
rights	could	take	the	form	of	community	development	quotas,	individual	transferrable	
quotas	(ITQs)	or	transferrable	fishing	privileges	(Fujita	et	al.	1998).		Potentially,	such	an	
approach	could	be	compatible	with	the	current	system	of	sector-based	management	in	
the	New	England	multispecies	fishery,	if	sectors	evolved	to	represent	particular	fishing	
communities.		Allowing	communities	to	decide	when	and	how	to	harvest	their	allotted	
quotas	in	such	a	situation	would	restrain	the	“race	for	fish”	and	thereby	prevent	
overcapitalization,	a	key	factor	in	averting	overexploitation	of	locally	fished	stocks	
(Branch	et	al.	2006).	
Lorenzen	et	al.	(2010)	emphasize	that	local	fisheries	management	should	be	a	
participatory	process	in	which	fishermen	and	other	stakeholders	have	input	into	the	
development	of	regulations	and	are	able	to	contribute	their	local	ecological	knowledge	
to	the	data-gathering	process.		In	this	way,	stakeholders	will	be	more	likely	to	accept	the	
outcome	of	the	process	and	view	local	regulations	as	legitimate	(Brewer	2010).		
Ames	(2010)	proposes	a	Multispecies	Coastal	Recovery	Plan	for	Gulf	of	Maine	
groundfish	that	contemplates	a	series	of	contiguous	coastal	shelf	management	units	
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similar	to	those	described	in	this	study,	each	of	which	would	encompass	the	core	
nursery	habitats	and	spawning	grounds	of	key	local	subpopulations	for	particular	
groundfish	species.		These	core	units	would	only	be	open	to	limited,	small-scale	local	
fishing	activities	with	non-destructive	gear.		A	buffer	layer	beyond	this	core	of	protected	
areas	would	encompass	major	migration	routes	along	which	seasonal	and	inter-
subpopulation	movement	takes	places,	consistent	with	metapopulation	theory.		
Collaborate	management	of	fishing	pressure	within	this	area	would	include	all	federally	
approved	gear	types,	but	with	restrictions	on	vessels	size	and	on	the	size	and	amount	of	
gear	permitted.		Management	of	the	buffer	layer	would	focus	on	protecting	seasonal	
movements	between	spawning	and	feeding	grounds	in	subpopulations	at	risk.		Finally,	a	
third	layer	further	offshore	would	be	managed	under	current	federal	regulations	for	
overall	groundfish	stocks	as	presently	defined.	
Rotational	closures	offer	another	potential	strategy	for	responding	to	warnings	
of	instability	in	local	metapopulation	substocks	(Zemeckis	et	al.	2014a).		The	
bioeconomic	modeling	approach	of	Little	et	al.	(2010)	considers	two	local	
subpopulations	subject	to	stochastic	catastrophies	similar	to	the	Category	1	rankings	
seen	in	Table	21	for	Gulf	of	Maine	cod.		Such	an	approach	could	be	implemented	
alongside	the	existing	rotational	closures	intended	to	protect	spawning	aggregations	in	
the	western	Gulf	of	Maine.		Even	if	Gulf	of	Maine	cod	continue	to	be	managed	under	a	
single	Total	Allowable	Catch	(TAC),	likelihood-based	stability	analysis	represents	one	
way	of	identifying	when	the	spatial	distribution	of	fishing	effort	under	this	TAC	focuses	
too	heavily	on	particular	substocks.		By	moving	fishing	effort	away	from	these	areas,	
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rotational	closures	may	mitigate	the	tendencies	toward	further	serial	depletion	that	
result	from	the	mismatch	between	formal	stock	boundaries	and	biological	population	
units.	
Whatever	form	local,	area-based	management	rules	assume,	continual	
population	stability	analysis	is	a	promising	tool	for	making	these	rules	adaptive	to	
changing	social-ecological	conditions.		Folke	(2006)	emphasizes	that	traditional	fisheries	
management	has	been	based	on	steady-state	equilibrium	assumptions,	rather	than	
taking	a	flexible,	complex	adaptive	systems	approach	able	to	quickly	respond	to	change.		
The	importance	of	adaptive	management	for	maintaining	stability	in	the	face	of	a	
changing	environment	has	been	seen	in	other	Atlantic	cod	stocks.		Lade	et	al.	(2015)	
developed	a	social-ecological	model	of	the	open-access	Baltic	Sea	cod	fishery	during	the	
1980s,	when	depensation	triggered	a	saddle-node	bifurcation	in	population	dynamics	
from	a	high-abundance	cod	boom	to	a	low-abundance,	sprat-dominated	ecosystem	
state.		They	found	that	fishermen’s	adaptive	behavior	(based	on	perceived	catch-per-
unit-effort)	temporarily	stabilized	the	system	and	delayed	the	eventual	collapse.		
Furthermore,	regulations	could	have	significantly	stabilized	the	high	abundance	system	
state,	assuming	they	could	be	rapidly	updated	to	reflect	the	state	of	the	fishery	and	
were	broadly	complied	with	by	fishermen.	
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APPENDICES	
	
A.		Spring	Abundance	Index	Data,	1969-2012	
Year	
Gulf	of	Maine	
stock	
Western	Maine	
substock	
Eastern	Maine	
substock	
Bay	of	Fundy	
substock	
Cape	Cod	
subpopulation	
Ipswich	Bay	
subpopulation	
Western	Maine	
subpopulation	
Midcoast	Maine	
subpopulation	
Eastern	Maine	
subpopulation	
1969	 12391	 5697	 6694	 2201	 1659	 1723	 2316	 5006	 1688	
1970	 11225	 5401	 5824	 2512	 1583	 1620	 2197	 4300	 1525	
1971	 11167	 5557	 5610	 2613	 1680	 1619	 2257	 4020	 1590	
1972	 10965	 5846	 5119	 2668	 1838	 1718	 2290	 3685	 1434	
1973	 11436	 5918	 5518	 2427	 1934	 1855	 2129	 3959	 1559	
1974	 11713	 5930	 5783	 2521	 2061	 1891	 1979	 4188	 1594	
1975	 11306	 5516	 5791	 2355	 1910	 1663	 1943	 4242	 1549	
1976	 12545	 5506	 7040	 2642	 1643	 1679	 2184	 5141	 1899	
1977	 13106	 5436	 7669	 3077	 1453	 1570	 2414	 5744	 1925	
1978	 13291	 5289	 8002	 3362	 1496	 1475	 2318	 5885	 2117	
1979	 13524	 5461	 8062	 3611	 1548	 1452	 2461	 5992	 2070	
1980	 12330	 5230	 7099	 3519	 1525	 1383	 2323	 5050	 2049	
1981	 11475	 5364	 6111	 3126	 1420	 1529	 2414	 4432	 1680	
1982	 9650	 4927	 4723	 2668	 1388	 1475	 2065	 3395	 1328	
1983	 10523	 4882	 5641	 2928	 1171	 1576	 2135	 3876	 1766	
1984	 11517	 4770	 6748	 3238	 1092	 1620	 2057	 4762	 1986	
1985	 11284	 4354	 6929	 3319	 960	 1443	 1952	 4733	 2197	
1986	 10353	 4390	 5964	 2736	 1001	 1398	 1991	 4375	 1588	
1987	 10148	 4922	 5226	 2921	 1363	 1429	 2130	 3543	 1683	
1988	 10233	 5592	 4641	 2750	 1752	 1534	 2306	 3287	 1354	
1989	 10949	 5566	 5383	 2724	 1941	 1613	 2012	 4061	 1322	
1990	 8962	 4582	 4379	 2499	 1525	 1261	 1796	 3206	 1173	
1991	 7449	 3403	 4045	 2081	 1136	 1054	 1213	 2914	 1131	
1992	 5842	 2707	 3135	 1971	 933	 859	 915	 2347	 788	
1993	 5959	 2785	 3174	 2062	 1178	 919	 688	 2554	 621	
	 125	
Spring	Abundance	Index	Data	Continued	
Year	
Gulf	of	Maine	
stock	
Western	Maine	
substock	
Eastern	Maine	
substock	
Bay	of	Fundy	
substock	
Cape	Cod	
subpopulation	
Ipswich	Bay	
subpopulation	
Western	Maine	
subpopulation	
Midcoast	Maine	
subpopulation	
Eastern	Maine	
subpopulation	
1994	 6275	 3252	 3022	 2430	 1215	 1153	 884	 2383	 639	
1995	 6443	 3438	 3005	 2724	 1235	 1157	 1046	 2318	 687	
1996	 6196	 3371	 2826	 2851	 954	 989	 1428	 2039	 787	
1997	 4059	 2128	 1931	 2687	 586	 496	 1046	 1423	 508	
1998	 4597	 2494	 2103	 2615	 786	 725	 984	 1468	 635	
1999	 5331	 2860	 2470	 2486	 1076	 841	 943	 1955	 515	
2000	 6562	 3615	 2947	 2714	 1374	 1118	 1124	 2259	 687	
2001	 6362	 3689	 2673	 2280	 1361	 1277	 1051	 2182	 491	
2002	 5835	 3633	 2202	 2308	 1436	 1350	 847	 1643	 559	
2003	 5374	 3591	 1783	 1976	 1463	 1282	 847	 1211	 572	
2004	 5324	 3899	 1425	 1999	 1553	 1207	 1140	 866	 559	
2005	 6314	 4485	 1829	 1807	 1528	 1357	 1599	 1203	 626	
2006	 6591	 4628	 1962	 1880	 1532	 1433	 1663	 1528	 434	
2007	 6618	 4648	 1970	 1928	 1491	 1475	 1682	 1641	 329	
2008	 5847	 4028	 1819	 2013	 1509	 1443	 1077	 1575	 244	
2009	 5213	 3675	 1537	 1995	 1366	 1317	 992	 1157	 381	
2010	 4790	 3062	 1727	 —	 1211	 1183	 669	 1177	 551	
2011	 4273	 2871	 1402	 —	 1026	 992	 853	 829	 573	
2012	 4307	 2811	 1496	 —	 985	 1000	 826	 845	 651	
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B.		Fall	Abundance	Index	Data,	1964-2012	
Year	
Gulf	of	Maine	
stock	
Western	Maine	
substock	
Eastern	Maine	
substock	
Bay	of	Fundy	
substock	
Cape	Cod	
subpopulation	
Ipswich	Bay	
subpopulation	
Western	Maine	
subpopulation	
Midcoast	Maine	
subpopulation	
Eastern	Maine	
subpopulation	
1964	 9139	 4535	 4604	 4361	 1693	 1187	 1655	 2985	 1619	
1965	 10056	 5017	 5039	 4924	 1754	 1430	 1833	 3441	 1598	
1966	 8890	 5050	 3840	 4208	 1642	 1292	 2116	 2364	 1476	
1967	 11250	 5902	 5348	 3599	 1675	 1791	 2436	 3912	 1436	
1968	 11544	 5827	 5717	 2273	 1501	 1871	 2455	 4222	 1495	
1969	 10474	 5522	 4951	 1945	 1509	 1745	 2268	 3719	 1232	
1970	 9468	 5042	 4426	 1760	 1351	 1479	 2212	 3220	 1207	
1971	 8101	 4682	 3419	 1809	 1262	 1238	 2182	 2551	 868	
1972	 9691	 5212	 4479	 2431	 1651	 1514	 2047	 3352	 1127	
1973	 9816	 5577	 4239	 2578	 1816	 1821	 1940	 3231	 1008	
1974	 10083	 5200	 4883	 2635	 1716	 1743	 1741	 3713	 1170	
1975	 9679	 5039	 4640	 2667	 1427	 1669	 1944	 3604	 1036	
1976	 10255	 5137	 5118	 2666	 1402	 1596	 2139	 3703	 1415	
1977	 10725	 5366	 5360	 2678	 1339	 1640	 2386	 3775	 1585	
1978	 9691	 5212	 4479	 2431	 1651	 1514	 2047	 3352	 1127	
1979	 11988	 5278	 6710	 2981	 1324	 1586	 2368	 5078	 1632	
1980	 12455	 5255	 7200	 3291	 1515	 1603	 2137	 5449	 1751	
1981	 12383	 5321	 7062	 3121	 1550	 1642	 2128	 5364	 1698	
1982	 12059	 5149	 6910	 3370	 1729	 1545	 1875	 5078	 1832	
1983	 11164	 4715	 6449	 3089	 1523	 1434	 1758	 4992	 1457	
1984	 10184	 4356	 5828	 3382	 1237	 1379	 1741	 4621	 1207	
1985	 8984	 3890	 5094	 3283	 1091	 1239	 1560	 3958	 1136	
1986	 7976	 3730	 4246	 3168	 912	 1163	 1655	 3216	 1031	
1987	 8012	 4216	 3797	 2537	 1176	 1365	 1675	 2603	 1194	
1988	 8674	 4729	 3944	 2654	 1356	 1387	 1987	 2746	 1198	
1989	 9621	 4996	 4625	 2952	 1473	 1418	 2105	 3162	 1463	
1990	 10049	 4682	 5367	 3388	 1435	 1391	 1856	 3749	 1619	
1991	 9188	 4300	 4888	 3171	 1270	 1436	 1594	 3404	 1484	
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Fall	Abundance	Index	Data	Continued	
Year	
Gulf	of	Maine	
stock	
Western	Maine	
substock	
Eastern	Maine	
substock	
Bay	of	Fundy	
substock	
Cape	Cod	
subpopulation	
Ipswich	Bay	
subpopulation	
Western	Maine	
subpopulation	
Midcoast	Maine	
subpopulation	
Eastern	Maine	
subpopulation	
1992	 7588	 3549	 4039	 2839	 1085	 1359	 1106	 2796	 1243	
1993	 6709	 3245	 3464	 2595	 1013	 1148	 1084	 2633	 831	
1994	 6599	 3474	 3126	 2616	 1200	 1178	 1096	 2394	 732	
1995	 6881	 3543	 3338	 2806	 1101	 1191	 1251	 2580	 758	
1996	 7531	 3842	 3689	 2898	 1061	 1279	 1501	 2594	 1096	
1997	 6850	 3240	 3610	 2601	 763	 1254	 1223	 2379	 1232	
1998	 5992	 3083	 2909	 2404	 1095	 1075	 913	 2133	 776	
1999	 6112	 3106	 3006	 2629	 1256	 1112	 738	 2385	 621	
2000	 6355	 3462	 2893	 2687	 1455	 1222	 785	 2149	 744	
2001	 8385	 4447	 3938	 2902	 1557	 1491	 1399	 2830	 1108	
2002	 6776	 4064	 2712	 2348	 1587	 1440	 1037	 1907	 805	
2003	 7216	 4114	 3102	 2773	 1564	 1372	 1177	 2146	 956	
2004	 5616	 3402	 2214	 2396	 1469	 1194	 739	 1527	 688	
2005	 4949	 3059	 1890	 2161	 1289	 1035	 735	 1239	 651	
2006	 5740	 3449	 2291	 1898	 1462	 1220	 766	 1535	 756	
2007	 5921	 4130	 1791	 1557	 1599	 1424	 1106	 1234	 558	
2008	 6258	 4623	 1634	 1585	 1687	 1601	 1335	 1312	 322	
2009	 5646	 4169	 1477	 1941	 1628	 1475	 1066	 1176	 301	
2010	 5083	 3669	 1414	 —	 1540	 1395	 735	 1088	 325	
2011	 4827	 3247	 1580	 —	 1349	 1255	 643	 1108	 472	
2012	 4910	 3351	 1559	 —	 1332	 1280	 738	 1127	 432	
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